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Firstly, experimental data for ionic liquids properties; density, viscosity of pure ionic 
liquids, viscosity of binary ionic liquid mixtures, and solubility in molecular solvents 
were collected from the literature and thus four databases were compiled. Then 
mathematical gnostics was used to analyse the uncertainty and discrepancy of 
experimental data reported from different resources and to recommend reliable data 
sets.  
The volumetric properties of ionic liquids were evaluated by using a group 
contribution method. The volumetric parameters of 55 ions were calculated by 
correlating 5,399 training data points using the Tait-type equations. 2,522 test data 
points were used to validate the accuracy of this method. This method also allows the 
calculation of mechanical coefficients with a good agreement.  
The viscosity of pure and binary mixtures of ionic liquids was estimated using a new 
method based on the UNIFAC-VISCO model. The dataset containing 819 
experimental viscosity data points for 70 pure ionic liquids was correlated using the 
modified UNIFAC-VISCO method, thus the interaction parameters and ion VFT 
parameters were estimated, which were used for the evaluation of 11 types of binary 
mixtures. A good agreement with the evaluation of binary mixtures in turn proved that 
the parameters estimated were accurate enough to estimate the viscosity of pure and 
mixtures ionic liquids.  
The liquid-liquid-equilibrium data for binary mixtures; ionic liquid and a molecular 
 
4 
solvent, were modelled using the UNIQUAC and UNIFAC methods. A user-friendly 
web based interface was established and all the mutual solubility data between the 
ionic liquid and molecular solvents were uploaded to the online database, which 
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𝑎𝑖 Tait parameter 
𝐴 VFT equation parameter 
𝐵 VFT equation parameter 
𝐵𝑖 Tait parameter 
𝑏𝑖 Tait parameter 
𝐶 Tait parameter 
𝑁𝐶 total number of components in UNIFAC-VISCO method 
𝐷𝑖 volumetric parameter 
𝑔𝑐
𝐸 combinatorial contribution term in UNIFAC-VISCO method 
𝑔𝑟
𝐸 residual contribution term in UNIFAC-VISCO method 
𝐻𝑖 volumetric parameter 
𝐺 volumetric parameter 
𝑛𝑖,𝑘 total number of 𝑘
th
 group present in component 𝑖 
𝑀 number of data points 
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𝑁 total number of groups 
𝑝 pressure (MPa) 
𝑝ref reference pressure (0.1 MPa) 
𝑞𝑖 van der Waals‘ surface area of component 𝑖  
𝑄𝑘 group surface area parameter 
𝑟𝑖 van der Waals‘ volume of component 𝑖 
𝑅𝑘 group volume parameter. 
ℛ gas constant (J/mol·K) 
𝑠 constant in eq. 2-12 
𝐾1 constant in eq. 2-12 
𝐾 equilibria constant 
OF objective function 
𝑆 concentration-based objective function 
𝑆𝑐 scale parameter 
𝑇 temperature (K) 
𝑇0 VFT equation parameter 
𝑉𝑖 pure-component molar volume (m
3
/kmol) 
𝑉𝑚 mixture molar volume (m
3
/kmol) 
𝑉𝑚𝐼𝐿 molar volume of the ionic liquid 
𝑉𝑖𝑜𝑛
∗  effective molar volume of the ion 
𝑉𝑐𝑎𝑡𝑖𝑜𝑛
∗  effective molar volume of the cation 
𝑉𝑎𝑛𝑖𝑜𝑛




𝐶𝑂𝑆𝑀𝑂 COSMO volume 
𝑥𝑖 mole fraction of the component 𝑖 
𝑥𝐼𝐿 mole fraction of the ionic liquid 
𝑥𝑒𝑥𝑝 experimental value of property 
𝑥𝑐𝑎𝑙 calculated value of property 
z coordinate value in UNIFAC based method 
𝑍𝑂 location of the maximum distribution 
𝑍𝐿 lower bound of the typical data 
𝑍𝑈 upper bound of the typical data 
𝑍𝑂𝐿 lower bound of the tolerance interval 
𝑍𝑂𝑈 upper bound of the tolerance interval 
LB lower bound of the data support 
UB upper bound of the data support 
𝑚𝑜𝑙% mole fraction 
𝑤𝑖 gnostic parameter 
𝑤𝐼𝐿 weight fraction of ionic liquid 
𝑤𝑤 water content 
𝑤𝐶𝑙 chloride content 
Greek Letters 
𝛼𝑚𝑛 group interaction potential energy parameter between groups 𝑚 and 𝑛 
𝛾 activity coefficient 
𝑙𝑛𝛾𝐶 combinatorial contribution in UNIQUAC method 
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𝑙𝑛𝛾𝑅 residual contribution in UNIQUAC method 
𝑙𝑛𝛾𝑚 residual activity coefficient 
𝑙𝑛Γ𝑘 residual activity coefficient 
𝜃𝑖 molecular surface area fraction of component 𝑖  
Θ𝑖 area fraction for group 𝑖 
𝜌 density (g·cm-3) 
𝜌𝐼𝐿 ionic liquid density  
𝜂 viscosity (mPa·s)  
𝜇 viscosity of mixture (mPa·s) 
𝜇𝑖 viscosity of component 𝑖 
𝜇𝑒𝑥𝑝 viscosity experimentally measured 
𝜇𝑐𝑎𝑙 viscosity calculated by our method 
𝜇𝑜 viscosity value with the maximum distribution density 
𝜇𝑖𝑜𝑛 effective viscosity of ion 
𝜅𝑇 isothermal compressibility 
𝛼𝑝 isobaric thermal expansion coefficient 
𝜙𝑖 molecular volume fraction of component 𝑖  
Ψ𝑚,𝑖 group interaction parameter 
Ψ distribution factor 
𝜔 gnostic weight 
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1.1 Ionic Liquids 
Ionic Liquids (ILs) are a diverse group of salts that are found to be in the liquid state at 
temperatures near or around ambient conditions. Fig. 1-1 shows examples of most 
common cations and anions that form ionic liquids. Cations in ILs are typically 
organic structures, often containing nitrogen or phosphorus atoms with linear alkyl 
chains; such as, ammonium, phosphonium, imidazolium, pyridinium or pyrrolidinium 
cations. Anions contained within ILs can be either organic or inorganic-based 




























Figure 1-1. Common ionic liquid cations and anions 
1.2 Physical Properties of Ionic Liquids 
In recent years, ionic liquids have attracted an explosion of interest from research 
groups and industry for a range of potential applications. Seddon et al.
1
 have predicted 
and illustrated the future usages of ionic liquids, as shown in figure 1-2. Many of these 
require a thorough knowledge of the physicochemical properties of ionic liquids. 




Figure 1-2. Predicted future applications of ionic liquids
1
 
Table 1-1. Common properties of ILs. 
Physical Property Value 
Freezing point Preferably below 100˚C 
Liquid range Often > 200˚C 
Thermal stability Usually high 
Viscosity Normally < 100 cP 
Polarity Moderate 
Specific conductivity Usually < 10 mS·cm
-1
 
Solvent and/or catalyst Excellent for many organic reactions 




1.2.1 Melting Point 
The melting points of ILs are different from typical salts such as sodium chloride that 
has a very high melting point of 801˚C.2 Cations and anions in NaCl are small, 
spherical and of similar size and they pack well next to each other, which contributes 
to extremely strong coulomb forces. In general, but not exclusively cations in ionic 
liquids are large and asymmetric compared to the most commonly used anions, 
resulting in low lattice energies, thus in turn resulting in low melting points. 
1.2.2 Conductivity 
Specific conductivities of different liquids from 10
-8
 to 4 S·cm
-1
 are shown in Table 
1-2. ILs have moderate specific conductivities, usually one order of magnitude lower 
than those of aqueous electrolytes and five orders of magnitude higher than water, 
therefore ILs are potential alternatives to common electrolytes. 






NaCl  3.88 (900˚C) 
[C4py][BF4] 0.0019 
[C2mim][NTf2] 0.0057 
H2O 4 x 10
-8
 
KCl (0.1 M aq.) 0.013 
H2SO4 0.0104 
The ionic conductivity is affected by the diffusion rate of charged ions within the 
liquid itself. If the rate of diffusion within an IL is high, then the ions are able to move 
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faster, hence allowing charges to be transported through the liquid faster than if the 
rate of diffusion is low.  
1.2.3 Viscosity 
The rate of diffusion is inversely proportional to the viscosity of an IL. In less viscous 
ILs, ions are able to move more freely in comparison to ILs with high viscosity. As 
such, viscous ILs will exhibit lower ionic conductivity than less viscous ILs. In general, 
a low viscosity is desired for solvent applications in order to increase mass transfer 
rates, while higher viscosities may be favourable for other applications such as 
lubrication or for use in supported membrane separation processes. 
In general, the viscosity of ILs is orders of magnitude greater than that of water and 
most common molecular solvents. For various types of cations and anions, the 
viscosities of ILs vary widely. Figure 1-3 shows the viscosities of common ILs. The IL 
whose cation has the longest alkyl chain has the highest viscosity. The viscosities of 















 (shown in 
figure 1-3). This viscosity change may be due to the effect of the anions‘ ability to 




 based ILs combine better 
charge delocalization with greater chain flexibility, which increases the chain mobility 
so that the viscosity is lower than that of other anion based ILs.
5
 In general, ILs having 




Figure 1-3. Viscosity at 298 K of common ILs as a function of chain length, n.
6
 
The viscosity of pyridinium-based ionic liquids is greater than that of 
imidazolium-based ionic liquids, and lower than that of pyrrolidinium-based ionic 
liquids, for the ionic liquids having a common anion and a similar alkyl chain length 
on the cation.
7
 This is in agreement with the result reported by Crosthwaite et al.
8
 
showing that pyridinium salts are generally more viscous that the equivalent 




Figure 1-4. Comparison of the viscosity (𝜂) of pyridinium- and imidazolium-based 
ionic liquids as a function of temperature: ●, [C4mim][NTf2]; ○, [C4m(3)py][NTf2]; ▼, 
[C6mim][NTf2]; ▽, [C6m(3)py][NTf2]; ■, [C6mmim][NTf2]; □, [C6mmpy][NTf2].
8
 
1.2.4 Density  
Generally, the density decreases with temperature going up and increases with 
pressure increasing. In terms of density of ILs, an increase in the anion mass results in 
a density increase, and the density decreases with enlarging alkyl chain length in 









. Figures 1-5 and 1-6 show experimental densities of 
ionic liquids based on [C4mim]
+






Figure 1-5. Comparison of the density of [C4mim]
+
 based ionic liquids as a function of 





Figure 1-6. Comparison of the density of [NTf2]
-
 based ionic liquids as a function of 
temperature: ■, [C2mim][NTf2]; ●, [C4mim][NTf2]; ▼, [C6mim][NTf2]; ▲, 






1.2.5 Mutual Solubility of Ionic Liquids and Molecular Solvents 
Physical properties of ionic liquids include pure component properties and mixture 
properties. Density, viscosity, and melting point, described above, are pure component 
properties. The most important one among the various mixture properties is the phase 
behaviour of ionic liquids with other compounds. The use of ionic liquids into 
reactions, separations and materials processing requires a prior knowledge of the 
phase behaviour of ionic liquids in the mixture. During my PhD work, the mutual 
solubility of only binary systems (pure ionic liquid + molecular solvent) were studied 
and discussed herein. 
The cation, the substituents on the cation, the anion, and the solvents have an effect on 
the mutual solubility of ionic liquids with other compounds. Crosthwaite et al.
10
 
reported the influence of the anion on the phase behaviour of imidazolium-based ionic 
liquids with alcohol. As shown in figure 1-7, the mutual solubility of [C4mim][NTf2] 
with 1-butanol is greater than the solubility of the equivalent ionic liquid based [BF4]
-
 
in 1-butanol, which is higher than that of [C4mim][PF6]. [C4mim][OTf] is miscible 
with alcohols (1-CnH2n+1OH, n = 2, 4, 6, and 8) at room temperature, and occurs a 
phase split with 1-dodecanol. While, [C4mim][DCA] is completely miscible with all 
the investigated alcohols. Therefore, the mutual solubility of imidazolium-based ionic 















Figure 1-7. T-x diagram for [C4mim][NTf2] (●), [C4mim][BF4] (■), and [C4mim][PF6] 
(▲) with 1-butanol.10  
Increasing the alkyl chain length of the alcohols, the mutual solubility of the IL and 
alcohol decrease. For example, Heintz et al.
11
 tested three systems, [C2mim][NTf2] 
with 1-propanol, 1-butanol, and 1-pentanol, respectively (figure 1-8). This result 
corresponds to the increased hydrophobicity of alcohols with increasing alkyl chain 
length. Crosthwaite et al.
10
 measured the mutual solubility of [C4mim][BF4] with 
1-butanol, 2-butanol, isobutanol, and tert-butyl alcohol (figure 1-9). The increase in 
alkyl branching resulted in higher dissolution of the ionic liquid compared with the 
corresponding linear alcohol. This was thought due to the reduced infinite dilution 






Figure 1-8. T-w diagram for [C2mim][NTf2] with 1-propanol (●), 1-butanol (▲), and 
1-pentanol (■).11 
 
Figure 1-9. T-x diagram for [C4mim][BF4] with 1-butanol (●), 2-butanol (■), 
isobutanol (▲), and tert-butyl alcohol (▼).10 
With increase of the chain length on the cation, the van der Waals interactions increase 
between the alkyl chain on the cation and the alkyl chain on the alcohol,
14
 which is 
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responsible for the enhancement of the mutual solubility of IL with alcohols. Figure 
1-10 shows the comparison between the [C4m(3)py][NTf2] and [C6m(3)py][NTf2] with 
1-hexanol. 
 




Generally, polar hydrocarbons are quite soluble in ILs a contrario of most of 
non-polar hydrocarbons, which are less soluble in ILs. This can be explained by the 
‗like dissolves like‘ principle, as ILs are extremely polar molecules. Figure 1-11 shows 
the comparison of the mutual solubility of a polar and associative liquid (i.e. ethanol) 
or a non-polar liquid (i.e. toluene) with an IL (i.e. [C4m(2)py][BF4]). This clearly shows 
that  the mutual solubility between ethanol and [C4m(2)py][BF4] is greater than that 
between toluene and [C4m(2)py][BF4], mainly due to the stronger polarity of ethanol. 
However, as the aliphatic character of ILs increases (i.e. increase of van der Waals 
forces), an enhancement of the solubility of the non-polar hydrocarbon is generally 
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observed as exemplified in Figure 1-12. 
 
Figure 1-11. T-x diagram for [C4m(2)py][BF4] with ethanol (■) and toluene (●). 
 
Figure 1-12. T-x diagram for [C2mim][SO4] (■) and [Pi(444)1][Tos] (●) with toluene. 
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Furthermore, it is very well reported that the mutual solubility of water and [Cnmim]
+
 
based ILs decreases with an increase of the alkyl chain length on this cation.
16
 This 
behaviour can also be referred to a net change on the cohesive energy of this ILs series 
driven by an increase of the van der Waals forces with the alkyl chain length. Figure 
1-13 shows an example of the mutual solubility between water and [Cnmim][PF6] (n = 
4, 6, and 8) reported in the literature,
16
 which clearly indicates the order of the 
solubility of ILs in water: [C4mim][PF6] > [C6mim][PF6] > [C8mim][PF6]. 
 
Figure 1-13. Liquid-liquid phase diagram for water and ILs: (▲) (-), [C4mim][PF6]; 
(◆) (--), [C6mim][PF6]; (●) (---), [C8mim][PF6]; (□) (●●●●), [C4C1mim][PF6]. The 




1.3 Effects of Impurities 
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The requirement for the purity of an IL depends on its application. This is because the 
impurities within the IL may have a dramatic effect on the specific properties
17–22
.  
Of all the possible impurities within an IL, water and halides are the most common 
ones. Impurities can originate from the starting materials used to synthesize an IL, the 
synthesis procedure, or through the take up of water from air. Therefore, in order to 
minimize impurities, and maximize the purity of an IL, it‘s better to remove impurities 
from the starting materials, select a method of synthesis that brings in few side 
reactions and accommodates the easy separation of impurities from samples.  
The impact of chloride on the density and viscosity of ILs have been studied by 
Seddon et al.
17
 In this study, with an increase of chloride concentration, exponential 
growth of viscosity occurred to the IL, [C4mim][BF4], and a nonlinear decrease in 
density was caused to the same IL, as shown in figure 1-14.  
  
Figure 1-14. Viscosity (a) at 20˚C and density (b) at 30˚C of [C4mim][BF4] as a 





With regards to the effect of water on the density and viscosity of ILs, Jacquemin et 
al.
23
 measured and compared dry and water saturated samples at various temperatures. 
As can be seen in the figure 1-15, water decreases the density of ionic liquids by 1% - 
2%. The difference is almost negligible compared with the difference of viscosities 
resulted from water. The presence of water dramatically affects the viscosities of ILs, 
shown in figure 1-16. For example, the viscosity of dry [C4mim][PF6] at 293.59K is 
375.9 mPa ∙ s  and that of saturated one at almost the same temperature is 84.8 
mPa ∙ s. The presence of water causes the viscosity of [C4mim][PF6] to decrease by a 
magnitude greater than four. As the temperature increases, the difference in viscosity 
between the dry and saturated samples is less than that observed at lower temperatures. 
The effect of water on the viscosity is greatest at low temperatures, which also can be 
seen in figure 1-16. 
 
Figure 1-15. Experimental densities of dried (filled symbol) and water saturated 
(empty symbol) ILs as a function of temperature at atmospheric pressure: (a) 
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Figure 1-16. Experimental viscosities of dried (filled symbol) and water saturated 
(empty symbol) ILs as a function of temperature at atmospheric pressure: (a) 




1.4 The Advantage of Evaluation/Correlation 
The properties of ionic liquids can be fine-tuned by varying the combination of anions 
and cations contained within, in order to suit a particular application. For instance, by 
modifying the structure of the cation with different substituent groups, the 
cation-anion interactions in solution are affected leading to different solvation 
properties of the IL in mixture with other fluids.
24,25
 However, due to approximately 
10
18
 cation-anion combinations existing,
26
 there are a seemingly endless number of 
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theoretically possible ILs. Therefore, it would be impractical, time consuming, and 
highly costly to search for an IL that is suitable for a specific application through 
trial-and-error. In addition, the necessary experimental data for many properties is 
scarce and often inconsistent in literature. 
However, evaluation and correlation is a faster, more efficient, and a cheaper 
alternative to find particular ILs with key desired attributes. Various estimation 
methods have been developed. There exists a great variety of analytical expressions 
that allow correlation and evaluation the properties of liquids. Such expressions are 
usually based on the use of adjustable parameters for each fluid (correlations), on the 
corresponding state principle (semi-empirical and predictive), and on group 
contribution methods (semi-empirical and predictive). However, these types of 
generalized correlations and models were not developed for ILs from the beginning 
and have not been thoroughly adapted and tested for their appropriateness and 
accuracy for ILs.  
To develop evaluation methods to estimate properties of ionic liquids, methods already 
known for molecular liquids can be extended and applied into the properties of ILs.  
1.5 State of the Art 
1.5.1 Volumetric Properties Prediction of Ionic Liquids in the Literature 
Different methods have already been reported in the literature to estimate the density 
and molar volume of ionic liquids over a broad range of temperature and pressure. 
These methods are mainly based on i) the group contribution model (GCM), ii) the 
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equation of state (EoS), iii) the quantitative structure-property relationship (QSPR) 
model, iv) the artificial neural network (ANN), and vi) simple correlations between 
density and other physical properties. 
Ye and Shreeve
27
 proposed the use of group contribution method for the density 
correlation of ionic liquids. The volume parameters of groups and fragments in ionic 
liquids were estimated at ambient temperature and reference pressure. These estimated 
volume parameters were used to evaluate the density of 59 ionic liquids, with a mean 
absolute deviation of 0.007 g·cm
-3
. Then Gardas and Coutinho
28
 made an extension of 
the method reported by Ye and Shreeve,
27
 allowing the estimation of ionic liquid 
density over a wide range of temperature (273.15-393.15 K) and pressure (0.1-100 
MPa) with a good agreement. 
Rebelo and co-workers
29
 defined the molar volume (𝑉𝑚) of an IL as the sum of the 
effective molar volumes of the constituent cation and anion (𝑉𝑐𝑎𝑡𝑖𝑜𝑛
∗  and 𝑉𝑎𝑛𝑖𝑜𝑛
∗ ). This 
concept was also reported by Slattery et al.
30
 to calculate the molar volume of 
unknown ILs and thus correlate with other physical properties. Rebelo and 
co-workers
29
 proposed an ―ideal‖ volumetric behaviour for a series of 
1-Cn-3-methylimidazolium-based ionic liquids, that the molar volume (𝑉𝑚) is linearly 
dependent on the number of CH2 groups in the alkyl chain. Based on the assumption of 
the ―ideal‖ volumetric behaviour, Jacquemin et al.9,31 developed a group contribution 
model by correlating the effective molar volumes of ions using a Tait-type equation. 
This model established by Jacquemin et al.
9,31
 evaluated the ionic liquid densities of 
over 5080 data points over a wide temperature range (273 to 423 K) and a broad 
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pressure range (0.1 to 207 MPa) within 0.36%. 
The functional group contributions were taken into account in some group 
contribution methods.
32–34
 However, differences existed in the definition of functional 
groups. For example, Lazzús et al.
34
 divided each IL into three parts: cation core, 
substituents attached to the cation core, and the whole anion. Qiao et al.
33
 defined each 
IL as a combination of cation center, substituents attached to the cation center, and 
functional groups making up of the anion. Paduszyński et al.32 reported that each IL 
was composed of three basic elements: cation core, anion core, and substituents 
attached to the cores.  
Qiao et al.
33
 selected 51 groups to establish the GCM. The density of each IL as a 
function of temperature and pressure was a sum of the contributions of all included 
groups dependent on the temperature and pressure. The temperature and pressure 
dependences of contributions for each group were estimated respectively by 
correlation of 7,381 data points for 123 ILs. However, only 188 data points of three ILs 




 expressed the molar volume of IL (298.15 K and 0.1 MPa) as a 
summation of the contributions of all involved groups. Thus, the density was 
calculated as the molecular weight divided by the molar volume. Lazzús et al.
34
 
described the temperature and pressure dependence of density using a linear equation. 
The developed linear model estimated 3,530 data points for 310 ILs within 0.73%. 
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Paduszyński et al.32 estimated the contributions of 177 functional groups at reference 
temperature (298.15 K) and reference pressure (0.1 MPa). The molar volume of IL 
(298.15 K and 0.1 MPa) was the sum of contributions of all functional groups 
occurring in the IL, and thus the density (298.15 K and 0.1 MPa) was calculated. Then 
the density as a function of temperature at 0.1 MPa was represented using a linear 
equation, and the density at high pressure was correlated using a Tait-type equation. 
This work estimated 16,830 densities for 1028 ILs with an observed RAAD% of 
0.51%. 
Besides the group contribution methods, another approach is the correlation between 
the density and other physical properties of ionic liquids. Bandrés et al.
35
 calculated 
the molar volume of each ionic liquid from its refractive index by means of the 
Lorentz-Lorenz relation and estimated the density based on its surface tension using 
the parachor parameter model. 
Recently, various equations of state (EoS) have been developed by some researchers to 
predict the density of ionic liquid. Ji and Adidharma
36
 described the density of 
imidazolium-based ionic liquids, over a temperature range (293.15 to 415) K and a 
pressure range up to 650 bar using heterosegmented statistical associating fluid theory 
(hetero-SAFT) with the deviation better than 0.9%. Only imidazolium-based ionic 
liquids were examined using this theory, thus limiting the applicability of this theory to 
other cation-based ionic liquids. Alavianmehr et al.
37
 reconstructed an ion contribution 
equation of state (EoS) based on the electrolyte perturbation theory to model the 
volumetric properties of ILs with an average deviation of about 0.64%. Each ionic 
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liquid was divided into two charged hard-spheres representing the cation and anion. 
Some density data were required for the optimization of the hard-sphere diameter and 
the non-bonded interaction energy. Shen et al.
38
 made an extension of the Valderrama 
and Robles group contribution model for the critical properties to predict the density of 
ionic liquids using the Patel-Teja (PT) equation of state (EoS). Therein, 918 data 
points at ambient temperature and atmospheric pressure were correlated with a global 
relative average absolute deviation (RAAD) of 4.4%. This method may lead to large 
errors for the density prediction up to high pressures. 
Lazzús et al.
39
 proposed a method combining a simple group contribution model and 
an artificial neural network (ANN). Therein, 2,410 density data of 250 ILs were used 
to train the ANN method and 773 experimental data points for 72 other ILs were 
compared with the predicted ones with an RAAD lower than 0.5%. The same author
40
 
also reported a quantitative structure-property relationship (QSPR) method containing 
11 descriptors to correlate 2,465 experimental data and predict 555 data points with 
accuracy of 2%. 
Ten QSPRs was applied by Trohalaki et al.
41
 to predict the density of bromide based 
ionic liquids. Each QSPR used by Trohalaki et al.
41
 only had a single descriptor, 
providing accurate density prediction for 13 bromide salts. 
Palomar et al.
42
 performed for the first time COSMO-RS calculations to predict the 
density and molar volume of ionic liquids at 298 K and atmosphere pressure. 
COSMOtherm software was used to achieve this simulation. As the prediction only 
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carried on a single temperature and pressure, this approach has not been inferred yet. 
1.5.2 Viscosity Prediction of Ionic Liquids 
A variety of methods have been reported for the prediction/correlation of the ILs 
viscosities.
43–63
 Some methods, based on the different equations, provide the 
correlation of viscosity, which describes the exponential behaviour and the 





 the Arrhenius equation,
46,48
 the fluidity equation,
46
 the power 
law equation
49
 and the Daubert and Danner correlation.
48
 
The VFT equation provide information near the ideal glass transition temperature, 
which can be used to analyse the dynamical divergence in the temperature dependence 
on the viscosity, for example.
64
 The Arrhenius equation principle is related to the 
activation energy theory, which gives an estimation of the energy needed by the ions to 
move freely in the solution. Both equations also contain information of the property at 
infinite temperature, which can be used to probe the effect of ions structures on the 
transport properties of the ILs, for example.
45
 It was also proposed to consider the 
fluidity instead of the viscosity, which seems to vary rather smoothly with the 
temperature.
49
 The power law equation provides also information of the crossover 
temperature in which a transition (from fragile to strong) takes place for the liquid.
49
 
According to the comparisons of the fitting results by different equations in 
literature,
46,48,49
 the best fit for ILs is by using the VFT equation (due to mathematical 
and physical meanings). Therefore, the VFT correlation equation was selected to 
 
41 
represent the temperature dependence on the viscosity of ILs during this work. 
Evaluation methods for the viscosity can be categorized as either a group contribution 
method (GCM)
43,50–53





 and Daniel et al.
51
 developed a group contribution method based on the 
Orrick-Erbar model
65
 to evaluation the ILs viscosity. The Orrick-Erbar model requires 
density data for the evaluation of the viscosity. To overcome this limitation and to 
attempt the development of an improved viscosity model with lower deviations in 
estimated viscosities, Gardas et al.
53
 proposed a new group contribution method based 
on the Vogel-Fulcher-Tammann (VFT) equation. Gharagheizi et al.
52
 employed a total 
of 46 sub-structures in addition to the temperature to evaluate the ILs viscosity. Lazzús 
and Pulgar-Villarroel
50
 estimated the viscosity of ILs using an improved Andrade-type 
approach that is a linear combination of the contribution of groups in the cation and the 
anion. 
Other approaches reported in the literature to describe the ILs viscosity are based on 





 modelled the viscosity of ILs using SAFT-Cubic equation of state coupled 
with two models, free volume theory (FVT) and modified Yarranton-Satyro (MYS) 
correlation. In spite of the unsatisfactory results of free volume theory, the modified 
Yarranton-Satyro correlation predicted the viscosity of two families of ILs 
([Cnmim][PF6] and [Cnmim][BF4]) with an appropriate accuracy. Furthermore, 
Abolala et al.
63
 modelled the viscosity of pure imidazolium ILs ([Cnmim][PF6], 
[Cnmim][BF4], and [Cnmim][NTf2]) using SAFT-VR-Mie equation of state coupled 
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with three models, namely frictional theory (FT), free-volume theory (FVT) and 
modified Yarranton-Satyro (MYS) correlation. The result showed that the MYS 
model calculated the viscosity more precisely than the FVT and FT models. 
Additionally, a comparative result from the SAFT-Cubic EoS proposed by Polishuk
62
 
showed that the performance of SAFT-VR-Mie EoS was better than the SAFT-Cubic 
EoS.  
1.5.3 Liquid-liquid Equilibrium Prediction of Ionic Liquids  
In recent years, the liquid-liquid equilibrium in systems including ionic liquids has 
been modelled by many groups. In general, those methods are based on: 1) the excess 
Gibbs energy; or the 2) equation of state.  
Those based on the excess Gibbs energy include: UNIversal QUasi chemical Activity 
Coefficient (UNIQUAC), UNIversial Functional Activity Coefficient (UNIFAC), 
Non-Random Two Liquids (NRTL), and electrolyte Non-Random Two Liquids 
(e-NRTL). E-NRTL is a modification of the NRTL model, which includes a Debye–
Hückel term, to consider the long range forces. Therefore, e-NRTL is more 
appropriate for systems containing electrolytes.66 
Arce
67
 fitted the LLE data of a ternary system ([C4mim][OTf], ethanol and TAEE) at 
298.15 K within 0.32%. Aznar
68
 correlated the LLE data (184 tie-lines) for 24 ternary 
systems by the NRTL model (Renon and Prausnitz,
69
 1968) with a global deviation of 
1.4%. Hu et al.
70
 correlated two ternary systems ([C2OHmim][BF4] or 





 correlated four ternary mixtures of toluene, n-heptane with the ILs 
([C2mim][C2SO4], [C4mim][C1SO4], [C4m(4)py][BF4], or [C1mim][C1SO4]). The same 
values of the binary interaction parameters between toluene and n-heptane in these 
four systems were used. The deviations of the correlations are generally below 0.015. 
12 tie lines for the system ([C2mim][C2SO4], TAEE and ethanol) were correlated by 
means of the NRTL model with satisfactory results of 0.429%.
72
 Domańska and 
Marciniak
73
 modeled binodal curves of 8 binary systems containing the same ionic 
liquid ([C4mim][MDEGSO4]), with the deviation of all cases lower than 0.001.  
Banerjee et al.
74
 made a comparison between the fitting results by UNIQUAC and 
NRTL for 7 ternary systems involving ILs, showing that the room mean square 
deviation obtained with UNQUAC decreased by 40% compared to the NRTL model. 
Simoni et al.
75
 simulated LLE data in ternary systems that contain ILs, using NRTL, 
e-NRTL, and UNIQUAC methods. The binary interaction parameters used to predict 
ternary LLE were estimated solely from binary LLE measurement data. The authors 
concluded that both UNIQUAC and e-NRTL provided potentially better results than 
NRTL. However, Maia et al.
66
 evaluated the NRTL and e-NRTL equations by 
comparing the correlations of two binary systems (water and [C6mim][BF4] or 
[C8mim][BF4]). The dependence of the binary interaction parameters with temperature 
was quadratic. In that work, the calculated values using both models showed a good 
agreement at low temperature, but NRTL model provided a better prediction result 
near the upper critical solution temperature (UCST). Haghtalab and Paraj
76
 correlated 
36 ternary systems with 12 ionic liquids using the NRTL and UNIQUAC model with 
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1.85% and 2.15% of root mean square deviation (RMSD) respectively. Santiago et 
al.
77,78
 correlated 91 liquid-liquid equilibrium of ternary system including 687 tie-lines 
with 1.75% of average deviation based on the UNIQUAC model.  
The same authors
79,80
 also correlated 39 liquid-liquid equilibrium of ternary ionic 
liquid based systems including 324 tie-lines with 1.6% of RMSD based on the 
UNIFAC model. 
Those methods based on the equation of state, such as Peng-Robinson EoS, 
Non-Random Hydrogen-Bonding (NRHB) EoS, Statistical Associating Fluid Theory 
(SAFT-type) EoS, and Cubic Plus Association (CPA) EoS, are commonly reported in 
recently years. 
The Non-Random Hydrogen-Bonding (NRHB) model was reported to describe the 
phase behaviour of binary systems with [Cnmim][NTf2].
81
 This model is a 
non-electrolyte equation-of-state model. The main novelty of NRHB model is that all 
electrostatic interactions (ionic, polar, hydrogen bonding, and Lewis acid-base 
interactions) were treated as strong specific interactions. This method was able to 
correlate LLE data with a good agreement but overpredicted the critical point. 
The liquid-liquid phase equilibrium of binary systems ([C3mpip][NTf2] and 
CnH2n+1OH, n = 5, 6, ···, 11) was modelled with non-random hydrogen bonding 
(NRHB) and perturbed-chain polar statistical associating fluid theory (PCP-SAFT), 
respectively.
82
 Neither model provides accurate correlation in the alcohol-rich phase. 
The PCP-SAFT model generally yields a better correlation result than NRHB, 
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according to the mean deviation of 0.057 for NRHB and 0.039 for PCP-SAFT. 
However, NRHB does more accurate description for the USCT. 
Moreover, the same author, Paduszyński, noticed that the influence of the 
Gross-Vrabec term in the SAFT model on pure properties of ILs could be negligible. 
Thus, Paduszyński and Domańska83 reported a modified method, PC-SAFT, to 
describe the phase behaviour of 10 binary systems composed of [C3mpip][NTf2] or 
[C4mpip][NTf2] and aliphatic hydrocarbons, resulting in a relative average absolute 
deviation of 4.1%. These ten binary systems were modelled using NRHB as well, 
within 3.5% deviation. 
The correlation of LLE for binary systems (ester and protic IL) was performed using 
the Peng-Robinson EoS, coupled with the Wong-Sandler mixing rule.
84
 The activity 
coefficient involved in the Wong-Sandler mixing rule was calculated using the 
COSMO-SAC activity coefficient model. However, the deviation of 132.5% for 
modelling the low concentration of IL in the organic phase was not satisfactory.  
Maia et al.
85
 for the first time applied the Cubic Plus Association (CPA) EoS method 
into the systems containing ionic liquids. However, the result, for the description of 
LLE of ionic liquids with water, showed deviations ranging from 4 to 100%. Therefore, 
more work is required to investigate the capability of this method for LLE with ionic 
liquids. 
Another approach, having been reported is COSMO-RS. Ferreira et al.
86
 proposed an 
overview for the LLE of ternary systems modelling including ionic liquid and 
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aromatic and aliphatic hydrocarbons by using the COSMO-RS method. It presented 
root-mean-square-deviation values around 5−6% and a priori screening ability of ILs 
to be used in separations of aliphatic−aromatic hydrocarbons mixtures. The 
COSMO-RS method, based on computational quantum mechanics and the dielectric 
continuum model, is a priori predictive method. In the COSMO-RS method, 
molecules are divided into segments, which were calculated from quantum mechanics 
simulation and represented the molecules and the charge density distribution around 
them (σ-profile). From these sigma profiles, the COSMO-RS based method quantifies 




In comparison, the UNIFAC method takes into account the interactions between 
functional groups and it requires experimental data to regress interaction parameters 
between the groups, while the COSMO-RS based method calculates the activity 
coefficient by considering interactions between the charge of each segment on the 
molecule. This allows the COSMO-RS based method to calculate the real mixture 
behaviour based on the sigma profiles of the components only, leading to the fact that 
it does not require any experimental data to predict the activity coefficients. However, 
it does not always give satisfactory results, because the COSMO-RS method is so 
universal that it has to rely on the assumption that the complex behaviour of liquid 
mixtures can be calculated from only a few simple and universal equations and 
empirical constants. Thus, the UNIFAC method normally gives more satisfactory 
results than the COSMO-RS method. 
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1.6 Outline of the Thesis 
The aim of my PhD thesis is to develop semi-empirical models to evaluate the physical 
properties of ionic liquids, such as their volumetric properties as a function of 
temperature and pressure; their viscosity as a function of temperature as well as their 
equilibrium when mixed with another liquid (LLE). 
A database for the density of ionic liquids was established by collecting more than 
16,092 experimental data points of 81 different ionic liquids over a broad temperature 
range (217 to 473) K and a wide pressure range (0.1 to 207) MPa from the literature. 
Experimental data of ILs were measured by several different research groups. 
Discrepancies in the experimental data affect the quality of the correlation and thus the 
development of the proposed model. Mathematical gnostics was used to analyse data 
to recommend a dataset for each ionic liquid. These recommended datasets were used 
to establish a group contribution model for the estimation of the volumetric properties 
of ILs. Among these recommended data, 5,399 data points of 54 ILs were correlated to 
obtain the volumetric parameters of 31 cations and 24 anions. Additionally, 2,522 data 
points of another 27 ILs were used to compare with the evaluated values. The RAAD 
of correlation is lower than 0.005% and the RAAD of pure evaluation is close to 
0.96%. This model is able to estimate the volumetric properties with an excellent 
agreement with RAAD being 0.31%. Furthermore, the mechanical coefficients were 
calculated by using the thermodynamic formalism. 
A database for the viscosity of ILs were established by collecting 2,765 data points for 
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70 ILs from the literature. A new method based on the UNIFAC-VISCO model was 
developed for the estimation of viscosity of pure ILs, and then binary mixtures of 
ILs.
89
 Then 25 different ILs with high purity were selected to prove the feasibility of 
this novel method. The binary interaction parameters 𝛼𝑚𝑛 and VFT parameters of 
ions were estimated. The calculated viscosities showed a good agreement with the 
experimental data with RAAD lower than 1.7% for all the 25 ILs. The estimated 
binary interaction parameters were used for the evaluation of binary mixtures of ILs 
following the same methodology. Experimental data of four binary systems were 
selected. One dataset for each binary system was correlated to obtain the binary 
interaction parameters (𝛼𝑐𝑎𝑡𝑖𝑜𝑛/𝑐𝑎𝑡𝑖𝑜𝑛 or 𝛼𝑎𝑛𝑖𝑜𝑛/𝑎𝑛𝑖𝑜𝑛) and the other data were used 
for comparison with the pure evaluated values. The estimation result for these four 
binary mixtures was highlighted by the RAAD value of being 5%.  
Then an extension of the proposed model for viscosity have been developed. 
Mathematic gnostics was used first to analyse data and recommend dataset for each IL. 
Originally, 154 experimental data of the selected 25 ILs were used.
89
 These datasets 
were substituted by the recommended ones to estimate the corresponding binary 
interaction parameters and the VFT parameters. Then based on these parameters, 
binary interaction parameters and ions VFT parameters for another 45 ILs were 
optimized using their recommended dataset. Totally 819 data points describing the 
viscosity as a function of temperature for 70 ILs were correlated by using the modified 
UNIFAC-VSICO model to obtain an extended set of binary interaction parameters and 
ions VFT parameters, with a good accuracy close to 1.4%. Furthermore, a database for 
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the viscosity of binary mixtures of ILs was established by collecting 966 data points of 
eleven binary systems, as a function of the mole fraction of components (xi = 0.0495 to 
0.9552). The estimated binary interaction parameters were used for the evaluation of 
binary mixtures of ILs following the same methodology, showing a good agreement 
with RAAD lower than 3.8%. 
In addition, a LLE database for 142 ionic liquids in 128 solvents was compiled by 
collecting 6948 data points from 131 articles. The LLE data was uploaded into a 
user-friendly web based interface, including 718 tie-line (x-x-T) data points and 5,512 
x-T data points. The tie-line data have been modelled using UNIFAC and UNIQUAC 



















2.1 Tait Equation 
The Tait equation is an equation of state, used to fit liquid density data over a wide 
pressure range.
90
 The Tait equation was used to fit the IL density as a function of 
temperature and pressure 






                (2-1) 
where 𝜌𝐼𝐿(𝑇, 𝑝𝑟𝑒𝑓) is the density at reference pressure, 𝑝𝑟𝑒𝑓= 0.1 MPa.  
𝜌𝐼𝐿(𝑇, 𝑝𝑟𝑒𝑓) is expressed as a quadratic equation,  
𝜌𝐼𝐿(𝑇, 𝑝𝑟𝑒𝑓) = ∑ (𝑎𝑖 ∙ (𝑇)𝑝𝑟𝑒𝑓
𝑖 )2𝑖=0                                              (2-2) 
and 𝐵(𝑇) is a second-order polynomial: 
𝐵(𝑇) = ∑ (𝐵𝑖 ∙ 𝑇
𝑖)2𝑖=0                                                          (2-3) 
The Tait parameters for each investigated IL are listed in Table 8-1. 
2.2 The Group Contribution Model (GCM) 
An extension of the group contribution model previously developed by Jacquemin et 
al.
9,31
 has been developed to evaluate the molar volume of ILs as a function of 
temperature and pressure. This model is based on the ‗ideal-volume‘ model assuming 
that the molar volume of the ionic liquid is a sum of the effective molar volume of 
cation and that of anion proposed by Rebelo et al.
29,91,92
 as follows 
𝑉𝑚𝐼𝐿 = 𝑉𝑐𝑎𝑡𝑖𝑜𝑛
∗ + 𝑉𝑎𝑛𝑖𝑜𝑛
∗                                                        (2-4) 
where 𝑉𝑚𝐼𝐿 is the molar volume of the ionic liquid constituted by the cation with 
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effective molar volume 𝑉𝑐𝑎𝑡𝑖𝑜𝑛
∗  and the anion with effective molar volume 𝑉𝑎𝑛𝑖𝑜𝑛
∗ . 
Second-degree polynomials (eq. 2-5) were identified as satisfactorily fit the variation 
of the ions effective molar volume with temperature. 
𝑉𝑖𝑜𝑛
∗ (𝛿𝑇, 𝑝𝑟𝑒𝑓) = ∑ (𝐷𝑖  𝛿𝑇
𝑖)2𝑖=0                                               (2-5) 
where 𝛿𝑇 = (𝑇        ⁡𝐾) and 𝐷𝑖 are the coefficients obtained by fitting the data 
at 0.1 MPa. 
The ions effective molar volumes as a function of pressure were correlated using 
the equation: 
𝑉𝑖𝑜𝑛







                             (2-6) 
where 𝑉𝑖𝑜𝑛
∗ (𝛿𝑇, 𝑝𝑟𝑒𝑓) is the reference effective molar volume calculated using eq. 2-5; 
and 𝑝𝑟𝑒𝑓 =     MPa. 𝐺 is an adjustable parameter, and 𝐻(𝛿𝑇) is a second-order 
polynomial; 
𝐻(𝛿𝑇) = ∑ (𝐻𝑖  𝛿𝑇
𝑖2
𝑖=0 )                                                     (2-7) 
2.3 Mechanical Coefficients 
The mechanical coefficients; the isothermal compressibility (𝜅𝑇 ) and the isobaric 
thermal expansion coefficient (𝛼𝑝 ), were calculated by using the thermodynamic 
formalism. The calculation of these mechanical coefficients provides a valuable 
knowledge of the temperature and pressure dependence of the volumetric properties. 












                                                                (2-8) 
The isothermal compressibility can be calculated
93,94








)                                                       (2-9) 
The isobaric thermal expansion coefficient, 𝛼𝑝 , is related to the variation of the 
density with temperature and is defined as;  








                                                             (2-10) 
and the following expression
93,94
 is derived from the Tait equation, eq. 2-1. 
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-                         (2-11) 
2.4 Van der Waals Volumes (R) and Surface Area (Q) 
of Ions 
The van der Waals volume is the volume occupied by an individual atom or molecule. 
For a spherical single atom, the van der Waals volume is the volume of the sphere, 
which can be calculated using its van der Waals radius. For a molecule, the van der 
Waals volume is determined by the volume enclosed by the van der Waals surface.
95
 
The molar van der Waals volume is different from the molar volume of the substance. 
The molar van der Waals volume only counts the volume occupied by the molecules, 
while the molar volume of the substance also accounts for the intermolecular empty 
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spaces between each molecules in the solution. Furthermore, the molar volume of the 
substance is temperature and pressure dependent. The UNIFAC-VISCO, UNIFAC, 
and UNIQUAC models require a priori knowledge of the van der Waals volumes (R) 
and surface area (Q) of functional groups. Volume and surface area for functional 
groups in traditional solvents were taken from Magnussen et al.
96
 The cation and anion, 
constituting the ionic liquid, are regarded as individual groups in the UNIFAC method. 
Due to lack of the volumes and surface areas of ions, TURBOMOLE and 
COSMOthermX were used to simulate these parameters. It is necessary to optimize 
the molecular geometry through energy minimization before the determination of the 
volume and surface area of ions.  
The optimised structure and conformers of each investigated ion were determined 
through quantum mechanical calculation using the TURBOMOLE (TmoleX version 
4.1.1) program. The 3D coordinates of each atom constituting a given molecule or ion 
were firstly drawn in TURBOMOLE. Then its 3D geometry was optimized through 
energy minimization by using the basic set DFT-B3LYP-TZVP,
97
 which led us to 
further obtain then the ‗.cosmo‘ (COSMOthermX)98 file for each species which has 
been used during this thesis.  
The COSMO files were then implemented into COSMOthermX (version C30_1301, 
release 01.13, COSMOlogic) to obtain the COSMO volumes and surface areas. The 
van der Waals volumes and surface areas were then approximated by the following eqs. 
2-12 and 2-13 
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𝑅 = 𝑠 × 𝑉𝑖





× (𝑅  𝑄)  (𝑅   )⁡(z⁡ = ⁡  )                                      (2-13) 
where 𝑠 =      6, 𝐾1 =        , and 𝑙𝑖
′ =  . 




Figure 2-1. Procedure to generate the COSMO file 
2.5 UNIQUAC model 
The UNIQUAC model (short for UNIversal QUAsi-Chemical) is an activity 
coefficient model used in the description of phase equilibrium.
100,101
 The UNIQUAC 
model also served as the basis for the development of the group contribution method 
UNIFAC. The liquid-liquid-equilibrium (LLE) of binary mixture (ionic liquid + 
solvent) has also been modeled using the UNIQUAC method, in my work.  
The UNIQUAC model comprises two parts: a combinatorial contribution, which 
1.TURBOMOLE 
•Quantum mechanical calculation 
2.COSMO 
•COSMO (Conductor-like Screening Model) 
calculation which use an ab initio quantum 
chemical method to predict structural, energetic, 
electronic and optical properties of molecular 
systems in gas phase and in solvent, of their ground 
or excited states. 
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accounts the molecules size and shape effects, and a residual contribution, that 
accounts for the energy interaction effects,
77,78
 expressed as eq. 2-14. 
𝑙𝑛𝛾𝑖 = 𝑙𝑛𝛾𝑖
𝐶 + 𝑙𝑛𝛾𝑖
𝑅                                                         (2-14) 
















𝑗=1                                    (2-15) 
where 𝜃𝑖 and 𝜙𝑖 are the area fraction and segment fraction for the i molecule in the 
total system, respectively and are defined in eq. 2-16 and eq. 2-17. li is the pure 

















(𝑟𝑖  𝑞𝑖)  (𝑟𝑖   )⁡⁡(𝑧 =   )                                         (2-18) 
where x, ri and qi are the pure component‘s molecular van der Waals volumes and 
surface areas, respectively. z is the coordination number of the system as a constant 
having the value of 10. The parameters ri and qi are calculated based on the summation 
of functional group‘s volume and surface area parameters, 𝑅𝑘  and 𝑄𝑘  for each 
molecule given by the following equations:  
𝑞𝑖 = ∑ 𝑛𝑖,𝑘𝑄𝑘
𝑁
𝑘=1                             (2-19) 
𝑟𝑖 = ∑ 𝑛𝑖,𝑘𝑅𝑘
𝑁
𝑘=1                                (2-20) 
where subscript 𝑘 denotes the groups; 𝑛𝑖,𝑘 is the total number of 𝑘
th
 group present in 
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component 𝑖; 𝑁 is the total number of groups present; 𝑄𝑘 is the group surface area 
parameter; and 𝑅𝑘 is the group volume parameter. 
The residual term are defined as follows: 
𝑙𝑛𝛾𝑖
𝑅 =  𝑞𝑖



























                                           (2-22) 
For most of the substances, 𝑞 = 𝑞′, except for water and some small alcohols, such as 
methanol and ethanol.  
For each binary mixture, there are two adjustable parameters, Ψ𝑚𝑛 and Ψ𝑛𝑚, which 
are given by 
Ψ𝑚𝑛 =    ⁡( 
 𝑚𝑛
2   1 
)                                                       (2-23) 
2.8 UNIFAC model 
The UNIversal Functional Activity Coefficient (UNIFAC) model is a group 
contribution model proposed by Fredenslund et al.
102
 This model provides valuable 
information on the liquid equilibrium and allows the calculation of the activity 
coefficients. The UNIFAC model was used to correlate the liquid-liquid-equilibrium 
(LLE) of the binary mixture (ionic liquid + solvent). 
In a multi-component mixture, the UNIFAC equation for the activity coefficient of 
(molecular) component i is shown in Eq. 2-14. 
𝑙𝑛𝛾𝑖 = 𝑙𝑛𝛾𝑖
𝐶 + 𝑙𝑛𝛾𝑖
𝑅                                                         (2-14) 
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𝑗=1                                    (2-15) 
where 𝜃𝑖 and 𝜙𝑖 are the area fraction and segment fraction for the i molecule in the 
total system, respectively and are defined in eq. 2-16 and eq. 2-17. li is the pure 

















(𝑟𝑖  𝑞𝑖)  (𝑟𝑖   )⁡⁡(𝑧 =   )                                         (2-18) 
where x, ri and qi are the pure component‘s molecular van der Waals volumes and 
surface areas, respectively. z is the coordination number of the system as a constant 
having the value of 10. The parameters ri and qi are calculated based on the summation 
of functional group‘s volume and surface area parameters, 𝑅𝑘  and 𝑄𝑘  for each 
molecule given by the following equations:  
𝑞𝑖 = ∑ 𝑛𝑖,𝑘𝑄𝑘
𝑁
𝑘=1                                (2-19) 
𝑟𝑖 = ∑ 𝑛𝑖,𝑘𝑅𝑘
𝑁
𝑘=1                                   (2-20) 
where subscript 𝑘 denotes the groups; 𝑛𝑖,𝑘 is the total number of 𝑘
th
 group present in 
component 𝑖; 𝑁 is the total number of groups present; 𝑄𝑘 is the group surface area 
parameter; and 𝑅𝑘 is the group volume parameter. 
The residual part of the activity coefficient term 𝛾𝑖
𝑅  can be written for each i 





𝑅 = ∑ 𝑣𝑘
(𝑖)(𝑙𝑛𝛤𝑘  𝑙𝑛𝛤𝑘
(𝑖))𝑛𝑘=1                                             (2-24) 
where, 𝛤𝑘 is the group residual activity coefficient, and 𝛤𝑘
(𝑖)
 is the residual activity 
coefficient of an isolated group k in a reference solution comprising only of molecules 
of type i. Both 𝛤𝑘 and 𝛤𝑘
(𝑖)
 can be derived from the following equation: 
𝑙𝑛𝛤𝑘 = 𝑄𝑘,  𝑙𝑛 .∑ 𝛩𝑚𝛹𝑚𝑘)  ∑ (
𝛩𝑚𝛹𝑘𝑚
∑ 𝛩𝑛𝛹𝑛𝑚𝑛
𝑚𝑚 /-                           (2-25) 
where, Θ𝑚  is the segment fraction of group m over all different groups. Θ𝑚  is 
calculated similar in form but not the same as 𝜃𝑖. The equation is shown as below. 
Θ𝑚 =
𝑥𝑚𝑄𝑚
∑   𝑄 
 
 = 
⁡ , 𝑚 =  , ,  𝑁                               (2-26) 
where the subscripts represent the groups. 
The group interaction,mn, from eq. 2-25 is a measure of the interaction energy 
between groups. The calculation equation is given by: 
Ψ𝑚𝑛 =    ⁡( 
 𝑚𝑛
2   1 
)                                              (2-23) 
2.5 Vogel-Fulcher-Tamman (VFT) Equation 
The most popular viscosity model is the Vogel-Fulcher-Tamman (VFT) equation, 
which originally was used to describe the temperature dependence on the transport 
properties of glass-forming liquids.
103–105
 To date, the VFT equation is also widely 
used for the ILs. According to the literature,
46,48,49
 the VFT equation provides the best 
temperature dependence correlation for ILs, this has been concluded through a 







 and the Daubert and Danner equations,
48
 for 
example. In our study, the VFT equation is used to describe the dependence of 
viscosity on the temperature for ionic liquids or ions: 
𝜇 = 𝐴 ∙    ⁡,
 
𝑇−𝑇 
-                                       (2-27) 
where 𝛼 stands for an ionic liquid or ion; 𝐴, 𝐵, and 𝑇0 are the fitting parameters. 
2.6 UNIFAC-VISCO model 
The UNIFAC-VISCO model is based on the theory of Eyring and the UNIFAC group 
contribution model proposed by Fredenslund et al.
102
 and developed by Chevalier et 
al.
106,107
 This model is used to predict the viscosity of liquid mixtures originally. 
The core equation of the UNIFAC-VISCO model is defined as:
106–108
 












𝑖=1                                        (2-28) 
where 𝜇 is the mixtures viscosity (mPa·s); subscript 𝑖 represents the component; 𝑁𝐶 
is the total number of components; 𝑥𝑖 is the mole fraction of the component 𝑖. 𝑉𝑖 is 









) of the mixture. ℛ is the gas constant (J·mol-1·K-1), 𝑇 is temperature (K). 
𝑔𝑐
𝐸  and 𝑔𝑟
𝐸  are the combinatorial and the residual contribution terms of the 
UNIFAC-VISCO method, respectively. 













𝑖𝑖                                               (2-29) 
where z is a coordinate value equal to 10.⁡𝑥𝑖 is the mole fraction of the component 𝑖. 
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𝜙𝑖 is the molecular volume fraction of component 𝑖; 𝑞𝑖⁡represents the van der Waals‘ 
surface area of component 𝑖 ; and 𝜃𝑖  is the molecular surface area fraction of 
component 𝑖.  








                                                                 (2-17) 
where subscript 𝑖 and   represent the components.⁡𝑞𝑖 and 𝑞𝑗 ⁡represent the van der 
Waals‘ surface area of components 𝑖 and  , respectively. 𝑟𝑖 and 𝑟𝑗 represent the van 
der Waals‘ volume of components 𝑖 and  , respectively.  
The surface area (𝑞) and the volume (𝑟) can be determined by following the equations 
2-19 and 2-20:  
𝑞𝑖 = ∑ 𝑛𝑖,𝑘𝑄𝑘
𝑁
𝑘=1                             (2-19) 
𝑟𝑖 = ∑ 𝑛𝑖,𝑘𝑅𝑘
𝑁
𝑘=1                                         (2-20) 
where subscript 𝑘 denotes the groups; 𝑛𝑖,𝑘 is the total number of 𝑘
th
 group present in 
component 𝑖; 𝑁 is the total number of groups present; 𝑄𝑘 is the group surface area 
parameter; and 𝑅𝑘 is the group volume parameter. 








𝑖=1                 (2-30) 
where 𝑁𝐶 is the total number of components;⁡𝑥𝑖 is the fraction of component 𝑖 in the 
mixture; 𝑁 is the total number of groups; 𝑛𝑚 and 𝛾𝑚 refer to the group values in 
mixture and 𝑛𝑚,𝑖 and 𝛾𝑚,𝑖 refer to the group values in pure-component. 
ln 𝛾𝑚 represents the residual activity coefficient and is defined as: 
ln 𝛾𝑚 = 𝑄𝑚 [  ln(∑ Θ𝑖Ψ𝑖,𝑚
𝑁
𝑖=1 )  ∑
  Ψ𝑚, 




𝑖=1 ]                    (2-31) 
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where 𝑁 is the total number of groups present; Θ𝑖 represents the area fraction for 
group 𝑖; and Ψ𝑚,𝑖 represents the group interaction parameters. 
The Θ values for each group both in mixture and in pure component can be calculated 
using the eq. 2-26: 
Θ𝑚 =
𝑥𝑚𝑄𝑚
∑   𝑄 
 
 = 
, 𝑚 =  , ,  𝑁                                               (2-26) 
where the subscripts represent the groups. 
The group interaction parameters (Ψ) are then calculated as follows: 
Ψ𝑚𝑛 =    ⁡( 
 𝑚𝑛
2   1 
)                              (2-23) 
where 𝛼𝑚𝑛 are group interaction potential energy parameters between the groups 𝑚 
and 𝑛. It is important to note that the values for the group interaction parameters 𝛼𝑚𝑛 
and 𝛼𝑛𝑚 are not the same, giving rise to non-reflexive parameters. 
2.7 Marquardt Optimization 
The binary interaction parameters and VFT parameters in the UNIFAC-VISCO model 








 𝑒 𝑝− 𝑐 𝑙
 𝑒 𝑝
)2𝑀𝑖=1  𝑚𝑖𝑛                                            (2-32) 
where M is the number of data points; 𝜇𝑒𝑥𝑝  and 𝜇𝑐𝑎𝑙  are the experimental and 


















3.1 Data Treatment 
3.1.1 Data Collection 
The experimental density data of ionic liquids over a temperature range from 217 to 
473 K and a pressure range from 0.1 to 207 MPa were collected from the literature data. 
NIST standard reference database
110
 is the primary source for the collection of 
thermophysical data of ILs. However, references checking is still required to make 
sure our database was without errors. the A database was created containing over 
16,092 experimental densities for 81 ILs. Table 8-3 in the appendix presents an 
overview of all the experimental data, summarizing the references where data for each 
IL were collected, the number of data points, temperature and pressure range. 
3.1.2 Data Analysis 
The experimental data of ILs were measured by several groups. Discrepancies in the 
experimental results affect the quality of the correlation and thus the development of 
the proposed model. Mathematical gnostics was utilized to analyse data and 
recommendation dataset for each IL. For ILs of which its experimental densities were 
reported by only one reference, recommended dataset could thus not be obtained by 
mathematical gnostics and the given set was then considered as the recommendation 
dataset. 
Mathematical gnostics is a novel paradigm of uncertainty.
111
 This axiomatic theory is 
built upon the theory of measurement and based on principle laws of nature such as the 
special theory of relativity and thermodynamics. The properties of each individual 
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measurement are analysed, and properties of a data sample are obtained by their 
aggregation. The results are thus valid even for small data samples because, unlike in 
statistics, the extrapolation from an infinite to a finite data sample is not required. 
Besides, the data are let to speak for themselves; there is no prior assumption on the 
distribution function of errors, but it is estimated during data analysis. It is possible to 
describe both unimodal and multimodal distribution using the same approach. The 
global distribution function was evaluated for each density data sample. The probable 
value located on the maximum distribution density and the marginal intervals were 
analysed to clarify the precise data, less accurate data and outliers in the data sample. 
Herein, we give an example of data analysis of [C8mim][BF4]. Table 3-1 shows the 
references, the number of data points, temperature range, and pressure range for 
density data of [C8mim][BF4]. 
Table 3-1. The References, Number of Data Points, and Temperature Range at 0.1 
MPa and > 0.1 MPa, Respectively, and Pressure Range for Experimental Density Data 
of [C8mim][BF4]. 
Ndata (0.1 MPa) ΔT0.1 MPa Ndata (> 0.1 MPa) ΔT> 0.1 MPa ΔP Ref. 
9 283.15-323.15 108 283.15-323.15 0.1-60 
112
 
6 298.2-343.2 13 298.2-323.2 0.1-206.94 
113
 
11 293.15-393.15 66 293.15-393.15 0.1-10 
114
 
4 293.15-353.15 16 293.15-353.15 0.1-20 
115
 
*Ndata, No. of data points. ΔT, temperature range (K). ΔP, pressure range (MPa). 
The Tait equations (eqs. 2-1 and 2-2) were used to fit the density data from each 
reference, respectively. The Tait parameters of [C8mim][BF4] are presented in Table 
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3-2 together with the relative average absolute deviations (RAAD) of the fits.  







|𝑀𝑖=0                                                    (3-1) 
where M is the number of data points, 𝑥𝑒𝑥𝑝  and 𝑥𝑐𝑎𝑙  are the experimental and 
calculated values of properties, respectively. 
Table 3-2. Tait Parameters a0, a1, a2, B0, B1, B2, and C from Equations 2-1 and 2-2 
Used to Fit the Experimental Densities of [C8mim][BF4] Reported by Each Reference 



































 1.3330  -8.53E-04 2.88E-07 0.001  99.48  4.9956  0.0811  3.7832  0.102  
113
 1.2341  -3.16E-04 -5.42E-07 0.028  100.00  4.9914  0.1030  3.7836  0.599  
114
 1.4660  -1.62E-03 1.38E-06 0.007  99.53  4.9936  0.0509  3.7816  0.056  
115
 1.3433  -9.15E-04 3.75E-07 0.007  98.91  4.996  0.0594  3.7805  0.101  
The calculation process is completed using the least square method in MATLAB 
software. The Tait parameters for all the other ILs are given in the table 8-1 of the 
appendix. 
As any thermodynamic property, the density depends on the pressure and temperature, 
the analysis of the density data by mathematical gnostics should be done under 
identical conditions. Herein, we calculated the density values at temperatures of 
(273.15, 303.15, 333.15, and 363.15 K) and pressures of (0.1, 20, 40, and 60 MPa) 
based on the Tait correlations using the experimental data from different references. 
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Then mathematical gnostics was used to analyse data samples at each identical 
condition. The calculated densities values of [C8mim][BF4] at these temperatures and 
pressures are shown in table 3-3. For each data sample, the location of the maximum 
distribution (ZO) was estimated. The lower bound and the upper bound of the data 
support (LB and UB), the typical data (ZL and ZU), and the tolerance interval (ZOL and 
ZOU) were also analysed (presented in table 3-4). ZO locating at the maximum of the 
global distribution function is the most probable value. A value within the tolerance 
interval (ZOL and ZOU) is said to be ―in tolerance‖. A value within the range of typical 
data (ZL and ZU) and outside the tolerance interval is deemed to be ―typical‖. A value 
within the data support (LB and UB) and outside the interval of typical data is said to 
be ―possible‖ and is less precise measurement. A value outside the bounds of the data 
support is improbable. 
Traditionally the domain of the distribution function is infinite, from minus infinity to 
plus infinity in the additive model, or from zero to plus infinity in the multiplicative 
model. However, physical quantities cannot have infinite values, and they are always 
bounded although the bounds are not known in advance. We assume that the density is 
only between the lower and upper bounds (LB and UB). Such definition agrees with 
the definition of the distribution function in statistics. A weighted empirical 
distribution function is then built from the experimental data and the gnostic 
distribution function is fitted to it. Three parameters are optimized, namely a scale 
parameter 𝑆𝑐 and both bounds LB and UB. 
Statistics offers several parameters that can be used for representation of a data set, a 
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mean value, a mode (the most probable value), and a median (a quantile at probability 
equal to 0.5). If a distribution function is symmetric, which is a frequent case in 
classical (non-robust) statistical analysis, all these parameters coincide. The mean 
value is then used because it has important statistical properties. On the contrary, 
gnostic distribution functions are generally asymmetric. Thus, the most probable value 
(the mode) is the representation having the natural meaning because it is unbiased. ZO 
is the location of the model. During data analysis, we first verify homogeneity of the 
data sample. If the data sample is not homogeneous, the outliers are discarded in order 
to obtain a homogeneous subsample. The distribution function then has a single 
maximum. Finding a unique maximum of a continuous, continuously differentiable 
function is then a simple task of functional analysis.  
ZO is an estimate of an ideal value which corresponds to the true value in statistics. 
Parameters ZL, ZOL, ZOU, and ZU are quantitative measures of uncertainty. They 
express sensitivity of ZO to a value of a single additional value. If we extend the 
sample with a single datum Z‘, the new location of the model will be ZO‘. For ZO < Z‘ 
< ZU, the location of the model will satisfy ZO < ZO‘ < ZOU. Owing to natural 
robustness of the gnostic estimator, this inequality will hold also for Z‘ > ZU. The 
situation is analogical for Z‘ < ZO. The location of the model is thus always bounded 
by inequality ZOL <= ZO‘ <= ZOU. For this reason, [ZOL, ZOU] is called ―tolerance 
interval‖ because the most probable value always lies in this interval. The dependence 
of ZO‘ on Z‘ behaves ―typically‖ in the interval of [ZL, ZU], which is called the 
―interval of typical data‖. The tolerance interval thus gives the repeatability of the 
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estimated most probable value, while the interval of typical data delimits the range 
where a single measured value should be expected. It is not necessary to repeat this 
trial-and-error search, an analytical equation can be derived. The derivation is shown 
in the book of Kovanic and Humber ―The Economics of Information-Mathematical 
Gnostics for Data Analysis‖,111 in section 16.4 ―Interval analysis‖ starting at page 288, 
and the equations are given in corollary 17.1 at page 294. It implies from the derivation 




Table 3-3. The calculated densities of [C8mim][BF4] based on the Tait correlations using the experimental data from different references 
T/K P/MPa 
Calculated densities/g·cm-3 
Sanmamed et al.112  Gu et al.113  Gardas et al.114  Tomida et al.115  
273.15 0.1 1.1215  1.1074  1.1255  1.1212  
303.15 0.1 1.1009  1.0885  1.1007  1.1002  
333.15 0.1 1.0808  1.0687  1.0783  1.0799  
363.15 0.1 1.0612  1.0479  1.0584  1.0603  
273.15 20 1.1328  1.1165  1.1418  1.1357  
303.15 20 1.1101  1.0959  1.1140  1.1120  
333.15 20 1.0884  1.0748  1.0893  1.0897  
363.15 20 1.0676  1.0530  1.0677  1.0685  
273.15 40 1.1444  1.1259  1.1586  1.1505  
303.15 40 1.1195  1.1035  1.1276  1.1241  
333.15 40 1.0961  1.0810  1.1006  1.0997  
363.15 40 1.0740  1.0582  1.0772  1.0769  
273.15 60 1.1562  1.1354  1.1758  1.1657  
303.15 60 1.1290  1.1112  1.1415  1.1365  
333.15 60 1.1039  1.0873  1.1121  1.1099  
363.15 60 1.0806  1.0634  1.0868  1.0854  
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Table 3-4. Interval analysis of the data samples at each condition 
T/K P/MPa 
LB ZL ZOL ZO ZOU ZU UB 
g·cm-3 
273.15 0.1 0.9978  1.1099  1.1191  1.1213  1.1230  1.1253  1.1261  
303.15 0.1 1.0125  1.0919  1.0998  1.1005  1.1007  1.1009  1.1009  
333.15 0.1 0.9943  1.0710  1.0779  1.0793  1.0801  1.0807  1.0809  
363.15 0.1 0.9664  1.0504  1.0580  1.0596  1.0604  1.0611  1.0613  
273.15 20 0.9674  1.1196  1.1310  1.1343  1.1370  1.1413  1.1436  
303.15 20 0.9873  1.0990  1.1091  1.1112  1.1125  1.1139  1.1142  
333.15 20 1.0809  1.0883  1.0890  1.0893  1.0895  1.0897  1.0898  
363.15 20 0.9586  1.0566  1.0665  1.0676  1.0682  1.0685  1.0685  
273.15 40 0.9372  1.1296  1.1432  1.1477  1.1514  1.1577  1.1622  
303.15 40 0.9609  1.1070  1.1188  1.1221  1.1245  1.1273  1.1284  
333.15 40 0.9634  1.0851  1.0961  1.0985  1.0997  1.1006  1.1007  
363.15 40 1.0444  1.0626  1.0742  1.0762  1.0769  1.0772  1.0772  
273.15 60 0.9074  1.1398  1.1556  1.1613  1.1662  1.1744  1.1817  
303.15 60 0.9349  1.1152  1.1287  1.1332  1.1366  1.1410  1.1433  
333.15 60 0.9409  1.0915  1.1040  1.1076  1.1099  1.1119  1.1126  
363.15 60 0.9247  1.0679  1.0806  1.0837  1.0854  1.0867  1.0870  
For example, at 303.15 K and 40 MPa, the calculated value from the Tait correlation 
using the experimental data reported by Tomida et al.
115
 is very close to ZO and is the 
most precise. The values based on Sanmamed et al.
112
 also show a good accuracy. The 
values based on Gu et al.
113
 and Gardas et al.
114
 are less precise measurements. 
The residual between the density and the maximum location is a characterization of 
the measurement accuracy. The global deviation of residuals for one dataset is 








                                                    (3-2) 
where N is the number of equally likely values, and M is the maximum location. 
The data set with the smallest global deviation is recommended. The residual is not the 
difference between the maximum location and the experimental data, but the 
difference between the maximum location and the correlated densities. The calculated 
densities based on the Tait correlation using the data from each reference can represent 
the trend of the experimental data from this reference, due to excellently fitted 
parameters. Figure 3-1 indicates the deviation of the dataset for [C8mim][BF4] from 





Figure 3-1. Global deviation of the dataset for [C8mim][BF4] from each reference: a) 
Sanmamed et al.
112
 b) Gu et al.
113
 c) Gardas et al.
114





The experimental density data of some ILs have been reported by only two references, 
which mean only two data points at each identical condition need to be analysed and 
compared. In this case, mathematical gnostics is not applicable, and the statistical 
analysis is adopted. Firstly, the experimental data collected from each reference were 
correlated to obtain the Tait parameters. Second, experimental data from both 
references were correlated altogether to obtain another set of Tait parameters. Then the 
calculated densities from the Tait correlations using the density data of each reference 
were compared with the calculated densities from the Tait correlation using both two 
sets of experimental data to recommend one set of them. 
For example, Gołdon et al.117 and Aparicio et al.118 reported 34 and 168 experimental 
data points of [C1mim][C1SO4] as a function of pressure (0.1 – 25 MPa) and (0.1 – 60 
MPa), respectively. The Tait parameters used to correlate each dataset and two sets 
altogether are listed in Table 3-5. Then the density values at temperatures of (273.15, 
303.15, 333.15, and 363.15 K) and pressures of (0.1, 20, 40, and 60 MPa) were 
calculated using the three sets of Tait parameters separately and compared, shown in 
Figure 3-2. In figure 3-2, these estimated densities based on the correlation of 
experimental data from Aparicio et al.
118
 show a better agreement than those based on 
the correlation of the data from Gołdon et al.117 Therefore, the dataset reported by 
Aparicio et al.
118






































 2.6207 -7.34E-03 1.02E-05 0.006 100.00 4.9918 0.1065 3.7829 0.052 
118
 1.5611 -9.00E-04 3.86E-07 0.019 99.46 4.9985 0.0981 3.7822 0.176 
Both 1.6516 -1.36E-03 9.71E-07 0.091 99.50 4.9960 0.1033 3.7804 0.217 
 
Figure 3-2. Comparison between the global fits and the local fits for [C1mim][C1SO4]: 
□, Gołdon et al.117 and ○, Aparicio et al.118 
Following the described methodology, the dataset for each IL was recommended, 
totally including 7,921 data points for 81 ionic liquids over a wide temperature range 
(256 to 473 K) and pressure up to 200 MPa. A summary of the recommended dataset 
for each IL is shown in table 3-6. 
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Table 3-6. Overview of the Recommended Density Data Used to Establish the Group Contribution Model for Molar Volume (Density) of ILs as a 












1 [C2mim][SCN] 169.25 298.15 to 338.15 0.1 to 10 65 
119 
2 [C2mim][OAc] 170.21 293.14 to 353.20 0.1 to 25 63 
120 
3 [C4mim]Cl 174.67 348.15 to 452.00 0.1 to 200 127 
121 
4 [C2mim][DCA] 177.21 256.82 to 346.23 0.1 to 60.1 85 
122 
5 [N1112OH][Lactate] 193.24 293.15 to 392.40 0.1 to 200 114 
121 
6 [C4mim][SCN] 197.30 298.15 to 338.15 0.1 to 10 65 
119 
7 [C2mim][BF4] 197.97 283.15 to 323.15 0.1 to 60 117 
112 
8 [C4mim][OAc] 198.26 273.15 to 413.16 0.1 to 140 170 
123 
9 [C2mim][Lactate] 200.23 293.15 to 432.20 0.1 to 200 153 
121 
10 [C4mim][DCA] 205.26 283.13 to 393.17 0.1 to 99.92 104 
124 
11 [C1mim][C1SO4] 208.24 318.15 to 428.15 0.1 to 60 168 
118 
12 [C4m(4)py][SCN] 208.32 298.15 to 338.15 0.1 to 10 65 
119 
13 [C2mim][C1SO4] 222.26 293.15 to 393.15 0.1 to 35 80 
93 
14 [C4Py][BF4] 223.02 283.15 to 333.15 0.1 to 65 154 
125 
15 [C4mim][BF4] 226.02 298.34 to 332.73 0.1 to 59.92 67 
126 
16 [C4mim][C(CN)3] 229.28 293.15 to 393.15 0.1 to 30 96 
127 




18 [C4m(2)py][BF4] 237.05 293.15 to 333.15 0.1 to 65 120 
129 
19 [C4m(3)py][BF4] 237.05 283.12 to 393.17 0.1 to100 105 
130 
20 [C4m(4)py][BF4] 237.05 278.16 to 393.18 0.1 to 100 103 
131 
21 [C4mim][C1SO4] 250.32 283.15 to 353.15 0.1 to 35 261 
132 
22 [C6py][BF4] 251.07 293.15 to 353.15 0.1 to 20 35 
133 
23 [C6mim][BF4] 254.08 283.15 to 323.15 0.1 to 60 117 
112 
24 [C2mim][PF6] 256.13 312.80 to 472.40 0.1 to 200 183 
134 
25 [C2mim][OTf] 260.23 293.15 to 393.15 0.1 to 35 91 
94 
26 [C8py][BF4] 279.13 293.15 to 353.15 0.1 to 20 35 
133 
27 [C8mim][BF4] 282.13 293.15 to 353.15 0.1 to 20 20 
115 
28 [C2mim][Tos] 282.36 318.15 to 428.15 0.1 to 60 168 
118 
29 [C4mim][PF6] 284.18 294.9 to 335.1 0.1 to 20 9 
135 
30 [C4mim][OTf] 288.29 293.15 to 393.15 0.1 to 10 77 
114 
31 [C4mmim][PF6] 298.21 313.15 to 393.15 0.1 to 10 72 
114 
32 [C6mim][PF6] 312.24 294.1 to 335.2 0.1 to 20 9 
135 
33 [C8mim][PF6] 340.29 295.1 to 335.2 0.1 to 20 9 
135 
34 [C4mim][C8SO4] 348.50 312.9 to 472.6 0.1 to 200 178 
136 
35 [C2mim][NTf2] 391.31 293.49 to 414.93 0.1 to 40 46 
137 
36 [N1114][NTf2] 396.37 293.48 to 414.94 0.1 to 40 46 
31 
37 [C3mim][NTf2] 405.34 298.15 to 333.15 0.1 to 60 165 
138 
38 [C3mpyrro][NTf2] 408.39 293.15 to 393.15 0.1 to 35 91 
94 
39 [C3m(3)py][NTf2] 416.37 293.15 to 393.15 0.1 to 35 91 
94 
40 [C4mim][NTf2] 419.36 298.15 to 348.15 0.1 to 50 30 
139 




42 [C3mpip][NTf2] 422.41 293.15 to 393.15 0.1 to 35 91 
94 
43 [C1OC2mpyrro][NTf2] 424.38 278.15 to 398.15 0.1 to 120 126 
140 
44 [C5mim][NTf2] 433.39 298.15 to 333.15 0.1 to 60 165 
138 
45 [C2m(2)py][NTf2] 402.33 283.15 to 333.15 0.1 to 65 143 
141 
46 [C6mim][NTf2] 447.42 293.15 to 452.3 0.1 to 200 177 
142 
47 [C7mim][NTf2] 461.45 293.15 to 393.15 0.1 to 30 96 
127 
48 [C8mim][NTf2] 475.48 293.15 to 393.15 0.1 to 30 96 
127 
49 [C10mim][NTf2] 503.52 293.15 to 393.15 0.1 to 35 80 
93 
50 [P66614]Cl 519.31 273.15 to 318.15 0.1 to 25 72 
143 
51 [P66614][OAc] 542.90 298.15 to 334.11 0.21 to 65.01 144 
29 
52 [P66614][DCA] 549.90 273.15 to 318.15 0.1 to 35 173 
143 
53 [C2mim][FAP] 556.17 293.13 to 343.18 0.1 to 25 54 
144 
54 [P66614]Br 563.76 283.15 to 333.15 0.1 to 45 84 
145 
55 [P66614][C1SO3] 578.95 283.15 to 333.15 0.1 to 45 84 
145 
56 [C4mim][FAP] 584.23 293.15 to 353.05 0.1 to 25 63 
144 
57 [C4mpyrro][FAP] 587.27 278.15 to 398.15 0.1 to 120 63 
146 
58 [C1OC2mpyrro][FAP] 589.24 278.15 to 398.15 0.1 to 120 63 
147 
59 [C6mim][FAP] 612.28 293.16 to 343.19 0.1 to 25 60 
144 
60 [P66614][NTf2] 764.00 283.15 to 333.15 0.1 to 45 84 
145 
61 [P66614][FAP] 928.87 293.2 to 353.25 0.1 to 25 63 
148 
62 [C6mim]Cl 202.72 303.15 to 451.2 0.1 to 200 169 
142 
63 [C6mim][OTf] 316.34 303.14 to 351.77 0.1 to 60.67 48 
149 
64 [C4mmim][FAP] 598.25 278.15 to 398.15 0.1 to 120 126 
150 




66 [C2OHC1NH2][C2COO] 149.19 298.15 to 358.15 0.1 to 25 104 
151 
67 [C2OHC1NH2][C3COO] 163.22 298.15 to 358.15 0.1 to 25 42 
151 
68 [C2OHC1NH2][C4COO] 177.24 298.15 to 358.15 0.1 to 25 42 
151 
69 [C1mim][DMP] 222.18 278.15 to 398.15 0.1 to 120 63 
146 
70 [C2mim][C6SO4] 292.4 278.15 to 398.15 0.1 to 120 63 
146 
71 [C4mpyrro][B(CN)4] 257.15 298.15 to 398.15 0.1 to 60 75 
146 
72 [C4mpyrro][OTf] 291.34 278.15 to 398.15 0.1 to 120 63 
146 
73 [C3py][BF4] 208.99 283.15 to 333.15 0.1 to 65 154 
125 
74 [C4py][OTf] 285.28 303.15 to 333.15 0.1 to 65 98 
125 
75 [C4m(3)py][DCA] 216.28 293.15 to 333.15 0.1 to 65 126 
125 
76 [C8m(3)py][BF4] 293.15 283.15 to 333.15 0.1 to 65 154 
125 
77 [amim]Cl 158.63 293.15 to 373.15 0.1 to 200 89 152 
78 [C2mim][MP] 222.17 293.15 to 411.1 0.1 to 200 129 
153 
79 [C2mim][DEP] 264.26 293.15 to 411.1 0.1 to 200 129 
153 
80 [C2eim][NTf2] 405.34 293.15 to 393.15 0.1 to 35 80 
93 





3.2 Development of the Group Contribution Model 
An extension of the group contribution method based on the previously developed 
model by Jacquemin et al.
9,31
 has been developed. 
Due to the thermal and chemical stability of [NTf2]
-
, the effective molar volumes of 
[NTf2]
- 
as a function of temperature and pressure were used to calculate the effective 
molar volumes of the corresponding cations, which constitute the ionic liquids, 
following this algorithm (𝑉𝑐𝑎𝑡𝑖𝑜𝑛
∗ = 𝑉𝑚𝐼𝐿  𝑉,𝑁𝑇𝑓2- 
∗ ). The volumetric parameters (𝐷𝑖, 
𝐺, and 𝐻𝑖) of [NTf2]
-
 have been calculated by Jacquemin et al.
31
 The experimental 
data of 19 [NTf2]
-
-based ionic liquids at high pressure have been reported. These 19 
[NTf2]
-
-based ILs are: [C2mim][NTf2], [N1114][NTf2], [C3mim][NTf2], 
[C3mpyrro][NTf2], [C3m(3)py][NTf2], [C4mim][NTf2], [C4mpyrro][NTf2], 
[C3mpip][NTf2], [C1OC2mpyrro][NTf2], [C5mim][NTf2], [C6mim][NTf2], 
[C7mim][NTf2], [C8mim][NTf2], [C10mim][NTf2], [P66614][NTf2], [C4mmim][NTf2], 
[C2m(2)py][NTf2], [C3m(2)py][NTf2], and [C2eim][NTf2]. Thus, volumetric parameters 
of the counterpart cations were determined. Next step, experimental data of other ILs, 
which consist of these 19 cations, were used to calculate the molar volumes of the 
corresponding anions. For example, the effective molar volumes of Br
-
 were 
calculated using this algorithm (𝑉 𝑟 
∗ = 𝑉𝑚,      -𝐵𝑟  𝑉,𝑃   ⁡  -+
∗ ). Then the volumetric 
parameters of Br
-
 were obtained by correlating its effective molar volumes as a 
function of temperature and pressure. Following this methodology, the coefficients (𝐷𝑖, 
𝐺, and 𝐻𝑖) of 51 ions were calculated. 
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The experimental data at high pressures of another three ILs ([C2OHC1NH2][C2COO], 
[C2OHC1NH2][C3COO], and [C2OHC1NH2][C4COO]) have been collected from 
literature.
151
 These three ILs consist of the same cation and three different anions. 
However, the knowledge of the volumetric properties of these four ions had not been 
reported in the literature. Herein, we proposed a method fitting the experimental data 










3.3 Results and Discussion 
3.3.1 Performance of the Proposed GCM 
The volumetric parameters (𝐷𝑖, 𝐺, and 𝐻𝑖) of 31 cations and 24 anions are presented 
in table 3-7. Then the molar volumes of ILs, random cation-anion combinations, can 
be evaluated as a function of temperature and pressure. The experimental data of other 
27 ILs, which had not been correlated, were used to compare with the pure evaluated 
values. The number of data used to correlate and evaluate, and the Relative Average 
Absolute Deviations (RAAD) of pure evaluation and global estimation, for each ion 
were reported in Table 3-8. 
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cm3 mol-1 K-1 
D2 









+ 100.25  0.0656  4.57E-05 217.92  2.048  6.164E-03 -0.0925  
[N1114]
+ 127.14  0.0772  6.94E-05 16135  2878.6  -5.808E+01 -0.6541  
[C3mim]
+ 117.14  0.0445  1.18E-03 206.05  1.828  -4.042E-02 -0.1487  
[C3mpyrro]
+ 127.28  0.0961  -3.72E-05 152.21  0.120  -2.948E-04 -0.1119  
[C2m(2)py]
+ 109.62  0.0684  -7.17E-06 61.31  0.046  7.048E-04 -0.0427  
[C3m(2)py]
+ 126.76  0.0797  9.73E-06 69.60  0.017  -1.029E-04 -0.0492  
[C3m(3)py]
+ 129.64  0.1032  -8.74E-06 118.93  0.158  -1.828E-03 -0.0948  
[C4mim]
+ 134.11  0.0927  -2.99E-05 144.63  -0.476  1.169E-02 -0.1009  
[C4mpyrro]
+ 145.43  0.0820  7.17E-05 299.79  0.990  -7.970E-03 -0.1645  
[C3mpip]
+ 141.53  0.1106  -6.04E-05 134.55  0.103  -1.929E-03 -0.0939  
[C1OC2mpyrro]
+ 134.23  0.0921  -7.52E-05 161.45  0.150  -6.371E-04 -0.1046  
[C5mim]
+ 151.00  0.0887  5.02E-04 171.05  0.736  -1.732E-02 -0.1254  
[C6mim]
+ 168.60  0.1131  4.93E-05 147.63  0.298  -4.620E-03 -0.1120  
[C7mim]
+ 184.82  0.1548  -1.98E-04 50642  6132.9  -3.078E+02 -8.5993  
[C8mim]
+ 202.14  0.1852  -3.53E-04 874.86  40.89  -8.544E-01 -0.5610  
[C10mim]
+ 236.36  0.1748  1.76E-04 59.77  0.102  -2.717E-03 -0.0557  
[P66614]
+ 558.87  0.3891  2.21E-04 129.57  -0.660  2.849E-03 -0.0846  
[C8py]
+ 198.22  0.1295  2.70E-05 145.98  0.362  -1.634E-02 -0.0799  
[C6py]
+ 163.89  0.1014  9.90E-05 136.06  0.726  -2.217E-02 -0.0704  
[C4py]
+ 129.98  0.0799  2.60E-05 149.82  0.800  -1.901E-02 -0.0673  
[C4m(2)py]
+ 143.46  0.0850  9.12E-05 163.34  2.076  -5.741E-02 -0.0699  
[C4m(3)py]
+ 146.72  0.0900  8.61E-05 240.30  -0.382  -5.114E-03 -0.1166  
[C4m(4)py]
+ 145.73  0.0907  3.82E-05 240.97  -0.404  -4.081E-03 -0.1164  
[N1112OH]
+ 95.06  0.0552  -1.01E-05 778.60  -14.45  3.847E-01 -0.1414  
[C1mim]
+ 84.61  0.0367  7.72E-05 -549.24  35.86  -7.761E-01 0.0224  
[C4mmim]
+ 147.30  0.0974  6.75E-05 166.44  0.055  -2.028E-03 -0.1085  
[C3py]
+ 113.05  0.0713  1.09E-05 149.33  1.029  -2.029E-02 -0.0627  
[C8m(3)py]
+ 213.92  0.1362  6.11E-05 148.56  0.110  -1.088E-02 -0.0792  
[amim]+ 111.53  0.0726  4.22E-06 423.16  -1.080  8.108E-03 -0.1446  
[C2OHC1NH2]
+ 59.02  0.0471  -2.62E-04 1343.9  332.7  -1.586E+00 0.0106  
[C2eim]





cm3 mol-1 K-1 
D2 








[SCN]- 51.31  0.0194  -9.57E-05 32201  14982  -5.159E+02 -4.1231  
[OAc]- 54.44  0.0237  -7.98E-05 367069  27415  -1.864E+04 -2.5040  
[DCA]- 59.59  0.0237  4.49E-05 21.20  2.015  1.800E-01 0.0064  
[BF4]
- 53.75  0.0258  -3.40E-05 1442.6  -60.568  1.207E+00 -0.2816  
[Lactate]- 74.46  0.0419  -6.12E-05 911.77  -8.626  2.963E-02 -0.2774  
[C1SO4]




- 90.72  0.0394  -1.66E-05 524.17  -11.328  1.210E-01 -0.1280  
[OTf]- 89.02  0.0628  -3.66E-05 561.03  -6.307  3.259E-02 -0.2552  
[Tos]- 130.89  0.0582  -1.21E-04 189.85  100.13  -1.006E+00 -0.0772  
[C6SO4]
- 158.64  0.0899  -2.38E-05 334.89  -3.122  1.289E-02 -0.1376  
[MP]- 85.66  0.0363  -4.07E-05 1046.5  -10.970  4.347E-02 -0.2664  
[DEP]- 130.61  0.0716  -1.19E-05 335.58  -2.806  9.293E-03 -0.1476  
[FAP]- 225.74  0.1651  -2.71E-06 1005.0  118.98  -4.050E+00 -0.1531  
[C(CN3)]
- 84.73  0.0669  -1.53E-04 2135.8  -137.11  1.756E+00 0.0251  
[PF6]
- 73.26  0.0275  2.00E-04 -5560.5  3158  -8.477E+02 -3.7218  
[C8SO4]
- 192.36  0.0741  3.15E-04 531.29  -4.303  1.089E-02 -0.1587  
[B(CN)4]
- 117.92  0.0979  -7.63E-07 181.40  -1.502  5.064E-03 -0.0932  
Cl- 26.83  0.0007  -4.25E-05 -4524.5  58.582  -2.000E-01 0.1529  
Br- 32.45  -0.0038  2.25E-05 0.37  -0.076  2.994E-03 0.0003  
[DMP]- 91.51  0.0646  -6.12E-05 2127.0  -29.335  -6.208E+00 -0.1397  
[C1SO3]
- 64.49  0.0233  -1.80E-05 166366  -352.92  -1.855E+01 -54.535  
[C2COO]
- 80.97  0.0356  3.67E-04 943.26  -4.690  1.742E-02 -0.6372  
[C3COO]
- 98.64  0.0552  3.15E-04 644.47  -2.767  3.621E-03 -0.4469  
[C4COO]





Table 3-8. The Number of Data Points Used for the Correlation and Evaluation, Along with the RAADs of Evaluation, and Estimation for Each Ion 
 
Ion NCorre ILs used for correlation NEva ILs used for pure evaluation RAADEva(%) RAADEst(%) 
[C2mim]
+
 46 [C2mim][NTf2] 322 [C2mim][DCA], [C2mim][PF6], and [C2mim][FAP] 2.925 0.610 
[N1114]
+
 46 [N1114][NTf2] 0 - - 0 
[C3mim]
+
 165 [C3mim][NTf2] 0 - - 0 
[C3mpyrro]
+
 91 [C3mpyrro][NTf2] 0 - - 0 
[C3m(3)py]
+
 91 [C3m(3)py][NTf2] 0 - - 0 
[C4mim]
+
 30 [C4mim][NTf2] 649 
[C4mim][SCN], [C4mim][OAc], [C4mim][BF4], 




 46 [C4mpyrro][NTf2] 126 [C4mpyrro][FAP], and [C4mpyrro][OTf] 1.001 0.510 
[C3mpip]
+
 91 [C3mpip][NTf2] 0 - - 0 
[C1OC2mpyrro]
+
 126 [C1OC2mpyrro][NTf2] 63 [C1OC2mpyrro][FAP] 1.198 0.399 
[C5mim]
+
 165 [C5mim][NTf2] 0 - - 0 
[C6mim]
+
 177 [C6mim][NTf2] 394 [C6mim][BF4], [C6mim][FAP], [C6mim]Cl, and [C6mim][OTf] 0.780 0.530 
[C7mim]
+
 96 [C7mim][NTf2] 0 - - 0 
[C8mim]
+
 96 [C8mim][NTf2] 29 [C8mim][BF4] and [C8mim][PF6] 0.419 0.001 
[C10mim]
+
 80 [C10mim][NTf2] 0 - - 0 
[P66614]
+
 84 [P66614][NTf2] 452 [P66614]Cl, [P66614][OAc], [P66614][DCA] and [P66614][FAP] 0.723 0.464 
[C8py]
+
 35 [C8py][BF4] 0 - - 0 
[C6py]
+
 35 [C6py][BF4] 0 - - 0 
[C4py]
+





 120 [C4m(2)py][BF4] 0 - - 0 
[C4m(3)py]
+
 105 [C4m(3)py][BF4] 126 [C4m(3)py][DCA] 0.256 0.140 
[C4m(4)py]
+
 103 [C4m(4)py][BF4] 65 [C4m(4)py][SCN] 0.353 0.137 
[C2m(2)py]
+
 143 [C2m(2)py][NTf2] 0 - - 0 
[C3m(2)py]
+
 143 [C3m(2)py][NTf2] 0 - - 0 
[N1112OH]
+
 114 [N1112OH][Lactate] 0 - - 0 
[C1mim]
+
 168 [C1mim][C1SO4] 0 - - 0 
[C4mmim]
+
 126 [C4mmim][NTf2] 198 [C4mmim][PF6] and [C4mmim][FAP] 0.824 0.503 
[C3py]
+
 154 [C3py][BF4] 0 - - 0 
[C8m(3)py]
+
 154 [C8m(3)py][BF4] 0 - - 0 
[amim]
+








0 - - 0.138 
[C2eim]
+
 80 [C2eim][NTf2] 0 - - 0 
[SCN]
-
 65 [C2mim][SCN] 130 [C4mim][SCN] and [C4m(4)py][SCN] 0.469 0.312 
[OAc]
-
 63 [C2mim][OAc] 314 [C4mim][OAc] and [P66614][OAc] 0.469 0.391 
[DCA]
-
 104 [C4mim][DCA] 384 [C2mim][DCA], [P66614][DCA] and [C4m(3)py][DCA] 0.651 0.335 
[BF4]
-
 117 [C2mim][BF4] 204 [C4mim][BF4], [C6mim][BF4], and [C8mim][BF4] 0.268 0 
[Lactate]
-
 153 [C2mim][Lactate] 0 - - 0 
[C1SO4]
-
 80 [C2mim][C1SO4] 261 [C4mim][C1SO4] 0.563 0.289 
[C2SO4]
-
 117 [C2mim][C2SO4] 0 - - 0 
[OTf]
-






 168 [C2mim][Tos] 0 - - 0 
[C6SO4]
-
 63 [C2mim][C6SO4] 0 - - 0 
[MP]
-
 129 [C2mim][MP] 0 - - 0 
[DEP]
-
 129 [C2mim][DEP] 0 - - 0 
[FAP]
-
 63 [C4mim][FAP] 429 
[C2mim][FAP], [C4mpyrro][FAP], [C1OC2mpyrro][FAP], 




 96 [C4mim][C(CN)3] 0 - - 0 
[PF6]
-
 9 [C6mim][PF6] 273 





 178 [C4mim][C8SO4] 0 - - 0 
[B(CN)4]
-
 75 [C4mpyrro][B(CN)4] 0 - - 0 
Cl
-
 127 [C4mim]Cl 241 [P66614]Cl and [C6mim]Cl 1.129 0.595 
Br
-
 84 [P66614]Br 0 - - 0 
[DMP]
-
 63 [C1mim][DMP] 0 - - 0 
[C1SO3]
-
 84 [P66614][C1SO3] 0 - - 0 
[C2COO]
-
 104 [C2OHC1NH2][C2COO] 0 - - 0.003 
[C3COO]
-
 42 [C2OHC1NH2][C3COO] 0 - - 0.004 
[C4COO]
-
 42 [C2OHC1NH2][C4COO] 0 - - 0.604 
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With the exception of [PF6]
-
 (RAAD=3.26%), the RAAD determined for all the other 
ions are less than 0.8%. Herein, we further discuss the possible reasons that result to 
higher deviations for [PF6]
-
. We used this algorithm ( 𝑉,𝑃𝐹 - 
∗ = 𝑉𝑚,𝐶 𝑚 𝑚-,   -  
𝑉,𝐶 𝑚𝑖𝑚-+
∗ ) to calculate the effective molar volume of [PF6]
-
, and then fitted 
[C6mim][PF6] experimental data to obtain the volumetric parameters of [PF6]
-
 as the 











 have been obtained using 
data for other ILs, the volumetric properties of the corresponding ILs containing the 
[PF6]
-
 are purely evaluated as a function of temperature and pressure based on the sum 
of the effective molar volumes of two ions. Table 3-9 shows the estimation result and 
estimation method for each IL containing the [PF6]
-
 anion. In Table 3-9, the evaluated 
data for the [C4mim][PF6], [C8mim][PF6] and [C4mmim][PF6] are in excellent 
agreements (RAAD are both lower than 0.4%) with the experimental data collected 
from the literature. However, in the case of the [C2mim][PF6], larger deviations, close 
to 4.9%, are observed. This could be related to the fact that the [C2mim][PF6] is solid at 
ambient temperature and 0.1 MPa. Furthermore, the impurity, water, has a significant 
effect on the molar volume of [PF6]
-
 based ILs by formation of hydrogen bonding 
between water and the anion ([PF6]
-
). In addition, Taguchi et al.
134
 measured the 
experimental density data of [C2mim][PF6] as a function of temperature (312.8 – 472.4) 
K and over a pressure range from 0.1 to 200 MPa, where the wide temperature range 
and broad pressure range both increase the data fitting difficulties and thus the accurate 
evaluation of the effective molar volume of these ions. 
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RAAD (%) Ref. 
[C6mim][PF6] Correlation 0 Tomida et al.
135
  
[C2mim][PF6] Evaluation 4.91% Taguchi et al.
134
 
[C4mim][PF6] Evaluation 0.36% Tomida et al.
135
 
[C8mim][PF6] Evaluation 0.37% Tomida et al.
135
  
[C4mmim][PF6] Evaluation 0.17% Gardas et al.
114
 
Figure 3-3 shows the parity plot between the calculated and experimental densities and 
molar volumes of 81 ILs. The correlated and evaluated data are differentiated by filled 
circles and empty circles, respectively. 5,399 data points of 54 ILs are used for 
correlation with an excellent accuracy of 0.005%, and 2,522 data points of other 27 ILs 
are used for comparison with the pure evaluated values within 0.96%. A good 








Figure 3-3. Experimental versus calculated molar volumes (a) and calculated densities 
(b) for 81 ionic liquids where data used for developing correlation (●) and evaluated 
data (○) are shown. 
In figure 3-3(b), the data points marked by (A) and (B) are from [C2mim][PF6]. The 
density data of [C2mim][PF6] at high pressures and high temperatures locate in area (B). 
Area (A) corresponds to the data at high pressures and low temperatures. The reason 
has been explained before. 
This work mainly focuses on the evaluation of high-pressure density (volume) 
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properties by only collecting the references reporting the high-pressure experimental 
data. Therefore, the method proposed in my study was compared with other literature 
models in terms of the density calculation at high pressures. Figure 3-4(a) and 3-4(b) 
summarize the calculations at high pressures for the 33 common ILs and 80 ILs, 
respectively. It can be seen in Figure 3-4 that our method developed in this work shows 
the lowest global RAAD% in both cases. Our method is responsible for the estimation 
of densities (volumes) of ILs, especially at high pressures. However, the GCMs 
proposed by Taherifard-Raeissi
154, and Paduszyński-Domańska32 divide the IL into 
smaller functional groups, which enlarge the range of applicability and increase the 










Figure 3-4. Comparison between the recommended experimental density data and the 
calculated values only at high pressures (P > 0.1 MPa), by using our method, and the 





Paduszyński-Domańska32, for (a) 33 ILs and (b) 80 ILs, respectively.  
Figure 3-5 shows the calculated effective molar volumes of cations with different core 
function groups based on the volumetric parameters obtained. Piperidinium and 
pyridinium cations are both six-membered ring, while imidazolium and pyrrolidinium 
are both five-membered ring. The six-membered ring has a larger molecular volume 
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than the five-membered ring. Moreover, imidazolium and pyridinium contain C-C 
double bonds and C-N double bonds, which pack tighter than the corresponding ring 
without double bonds. Therefore, we can conclude that, for the equivalent alkyl chain 





















3.3.2 Comparison with Other GCMs in the Case of Binary IL Mixtures 
Comparison between different GCMs in the evaluation ability of pure ILs has been 
reported in the literature.
9,28,31,32,34
 Herein, various GCMs are compared in the case of 
evaluation of density of binary IL mixtures. 1,756 experimental density points for 29 
binary systems were collected from the literature over a temperature range (283.15 K to 
358.15 K) at 0.1 MPa. Since the binary densities having been reported in the literature 
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are only at atmosphere pressure, the comparison between different GCMs, made in this 
work, can only contrast their performance at atmosphere pressure. Table 3-10 shows all 
the selected types of the binary ILs systems, the number of data points for each system, 
the temperature range for each data set, as well as the evaluation result using four 
GCMs. The 29 binary systems contain three-component systems with the same cation 
or anion (such as [C4mim][OAc]+[C4mim][NTf2]), and also contain four-component 
systems (for example [C4m(4)py][NTf2]+[C2mim][C2SO4]). As in the case of pure ILs, 
the molar volume data of the binary systems were also calculated using the ‗ideal 
volume‘ principle. In Table 3-10, the first 20 binary mixtures were evaluated using four 
methods and the last 9 binary mixtures were evaluated using three methods, due to a 
limited number of the effective molar volumes of ions having been reported in Gardas‘ 
method.
28
 The evaluation results, for 1230 data points of 20 binary mixtures, are 0.21 




), and 0.18 
(Paduszyński-Domańska32), respectively. The evaluation accuracy, using the 1,756 
data points for 29 different binary mixtures, is 0.243 (this work), 0.371 
(Taherifard-Raeissi
154), and 0.236 (Paduszyński-Domańska32), respectively. Generally, 
the method proposed by Paduszyński and Domańska32 shows the best performance and 




Table 3-10. Comparison of GCMs for estimation of density of binary mixtures  















 32 283.15-333.15 0.24 1.4 0.48 0.67 
[C2mim][NTf2]+[C4mim][NTf2] 
156,157
 21 293.15-358.15 0.23 0.32 0.39 0.34 
[C4py][BF4]+[C4py][NTf2] 
158
 72 303.15-353.15 0.12 0.38 0.72 0.52 
[C4py][BF4]+[C4m(4)py][NTf2] 
159
 84 293.15-353.15 0.39 0.48 0.64 0.48 
[C6mim][BF4]+[C2mim][BF4] 
160,161
 256 293.15-343.15 0.17 0.6 0.16 0.08 
[C4mim][BF4]+[C6mim][BF4] 
160
 108 298.15-308.15 0.13 0.52 0.03 0.04 
[C4mim][PF6]+[C4mim][BF4] 
160
 126 298.15-308.15 0.26 0.35 0.09 0.12 
[C8mim][BF4]+[C8mim]Cl 
162
 42 303.15-333.15 0.51 2.12 0.06 0.15 
[C6mim][BF4]+[C6mim]Cl 
162
 42 303.15-333.15 0.26 2.41 0.14 0.1 
[C6mim][PF6]+[C6mim]Cl 
162
 35 303.15-333.15 0.08 1.87 0.17 0.08 
[C3mpyrro][NTf2]+[C4mim][NTf2] 
163
 7 298.15 0.04 0.11 0.13 0.27 
[C3m(3)py][NTf2]+[C4mim][NTf2] 
163
 7 298.15 0.03 0.14 0.13 0.19 
[C1mim][NTf2]+ [C4mim][NTf2] 
156
 7 298.15 0.42 0.4 0.16 0.48 
[C5mim][NTf2]+ [C4mim][NTf2] 
156
 7 298.15 0.24 0.27 0.24 0.3 
[C6mim][NTf2]+ [C4mim][NTf2] 
156
 7 298.15 0.09 0.11 0.05 0.15 
[C8mim][NTf2]+ [C4mim][NTf2] 
156
 7 298.15 0.04 0.08 0.05 0.1 
[C10mim][NTf2]+ [C4mim][NTf2] 
156
 7 298.15 0.06 0.07 0.1 0.11 
[C2mim][BF4]+[C3mim][BF4] 
161
 121 293.15-343.15 0.38 0.71 0.31 0.11 
[C3mim][BF4]+[C6mim][BF4] 
161
 121 293.15-343.15 0.15 0.58 0.18 0.07 
[C4mim][BF4]+[C4py][BF4] 
164
 121 293.15-343.15 0.1 0.62 0.62 0.28 
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20 binary mixtures  1230  0.21 0.71 0.28 0.18 
[C2mim][SCN]+[C2mim][DCA] 
165
 60 298.15-353.15 0.41 - 0.43 0.42 
[C2mim][SCN]+[C2mim][C2SO4] 
165
 96 298.15-353.15 0.43 - 0.67 0.5 
[C2mim][C(CN)3]+[C2mim][DCA] 
165
 42 293.15-353.15 0.63 - 0.59 0.4 
[C4m(4)py][NTf2]+[C2mim][C2SO4] 
166
 84 293.15-353.15 0.36 - 0.52 0.21 
[C4mim][BF4]+[C4mim][C1SO4] 
160
 144 298.15-308.15 0.2 - 0.45 0.24 
[C4mmim][NTf2]+ [C4mim][NTf2] 
163
 7 298.15 0.02 - 0.04 0.27 
[C3mpip][NTf2]+ [C4mim][NTf2] 
163
 7 298.15 0.34 - 0.3 0.39 
[C2mim][OAc]+[C2mim][C2SO4] 
167
 77 298.15-358.15 0.09 - 1.06 0.51 
[C2mim][BF4]+[C2mim][DCA] 
168
 9 298.15 0.57 - 0.5 0.33 
29 binary mixtures  1756  0.243  0.371 0.236 
 
95 
3.4 Mechanical Coefficients 
A limited number of experimental data of isobaric thermal expansion (𝛼𝑝) for 
ionic liquids have been reported in the literature to date. However, no 
experimental data of isothermal compressibility (𝜅𝑇) for ionic liquids has been 
published, to date, as this property is mainly derived from density 
measurements as a function of temperature and pressure. Table 
3-11summarizes the number of experimental data, temperature range, pressure 
range, references and the variation with temperature and pressure for 𝛼𝑝 of 
ILs. 
Table 3-11. All the experimental data of 𝛼𝑝 for ILs collected from the literature 






[C4mim][BF4] 278.15-348.15 5-50 80 ↓ ↓ 
169
 
[C4mim][OTf] 278.15-348.15 5-50 80 ↓ ↓ 
169
 
[C4mim][SbF6] 278.15-348.15 5-50 80 ↓ ↓ 
169
 
[C4mim][NTf2] 278.15-348.15 5-50 80 ↓ ↓ 
169
 
[C4mim][C1SO4] 278.15-348.15 5-50 80 ↓ ↓ 
169
 
[C4m(3)py][BF4] 278.15-348.15 5-50 80 ↓ ↓ 
170
 
[C2mim][BF4] 278.15-348.15 5-50 80 ↓ ↓ 
170
 
[C6mim][BF4] 278.15-348.15 5-50 80 ↓ ↓ 
170
 
[C8mim][BF4] 278.15-348.15 5-50 80 ↓ ↓ 
170
 
[C2mim][NTf2] 278.15-348.15 5-50 80 ↓ ↓ 
170
 
[C6mim][NTf2] 278.15-348.15 5-50 80 ↓ ↓ 
170
 
The experimental data of 𝛼𝑝 reported by Navia et al.
169,170
 are not affected by any a 





 were derived from fitting equations, which 
predetermine the dependence of 𝛼𝑝  against temperature. It is observed from the 
experimental data measured by Navia et al.
169,170
 that 𝛼𝑝  of the investigated ILs 
decreases with temperature (indicated by using the downward arrow symbols in Table 
3-11), due to their ionic character, which is an anomalous behaviour from traditional 
solvents. However, very limited directly measured data of 𝛼𝑝  for ILs have been 
published in literature, hence, further studies are required to prove whether the 
anomalous behaviour is suitable for all ILs. A negative dependence of 𝛼𝑝 against 
pressure for the investigated ILs (shown by using the downward arrow symbols in 
Table 3-11) is similar with traditional solvents. 
The densities as a function of temperature and pressure can be used to derive the 
mechanical coefficients, the isothermal compressibility (𝜅𝑇) and the isobaric thermal 
expansion coefficient (𝛼𝑝). The calculation of these mechanical coefficients provides 
useful information on the temperature and pressure dependences on the ILs volumetric 
properties. 
The following expressions, described in chapter 2 are used to calculate the values of 
𝛼𝑝 and 𝜅𝑇. 
𝛼𝑝 =  ,
0










𝐵+   
/1(  0 1)(  𝑃)







/                                        (2-9) 
where two different forms of 𝐵(𝑇) are commonly used for derivation of 𝜅𝑇 and 𝛼𝑝, 
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as shown in equations 2-3 and 3-3. 
𝐵(𝑇) = ∑ (𝐵𝑖 ∙ 𝑇
𝑖)2𝑖=0                                                         (2-3) 
𝐵(𝑇) = 𝑏0 +
𝑏 
𝑇
                                                  (3-3) 
The differentiation of different fitting equations could lead to different results of 𝜅𝑇 
and 𝛼𝑝. Herein, two different forms of 𝐵(𝑇) were both used to calculate the values of 
𝛼𝑝 for ten ILs, of which the directly measured values of 𝛼𝑝 have been reported by 
Navia.
169,170
 Then the deviation from the directly measured 𝛼𝑝  was calculated, 
presented in Table 3-12. The comparison of the results calculated by two fitting 
equations clearly shows that the hyperbolic form of 𝐵(𝑇) provides more accurate 
values of 𝛼𝑝 for each IL, except in the case of [C6mim][NTf2]. The average deviation 
for these ten ILs was 3.46% (calculated by the hyperbolic equation) and 18.7% 
(calculated by the quadratic equation), respectively, which proves that it is reliable to 










Table 3-12. The relative deviation between the experimental data of 𝛼𝑝  and the 
calculated values by using different forms of 𝐵(𝑇) 
IL RAAD% ( ( ) =   +
  
 
) RAAD% ( ( ) =   +   ∙  +  𝟐 ∙  
𝟐) 
[C4mim][NTf2] 2.19 22.62 
[C4mim][OTf] 14.8 37.54 
[C4mim][BF4] 1.52 15.11 
[C4mim][C1SO4] 3.24 19.95 
[C2mim][BF4] 1.33 13.88 
[C4m(3)py][BF4] 2.91 14.71 
[C6mim][BF4] 1.03 16.85 
[C8mim][BF4] 2.48 23.94 
[C2mim][NTf2] 3.47 21.2 
[C6mim][NTf2] 1.60 1.21 
Average 3.46 18.4 
Therefore, the Tait equation (eq. 2-1) and the eq. 3-3 were selected to calculate the 
values of 𝛼𝑝 and 𝜅𝑇 for 81 ILs investigated in this work. Herein, the recommended 
experimental density data and the estimated density values by using the GCM 
developed in this work are used to correlate the Tait equation, respectively. Figure 3-6 







Figure 3-6. The results of (a) 𝛼𝑝  and (b) 𝜅𝑇  correlated from the recommended 
experimental density and the GCM estimated density data. 
The global deviation between the 𝛼𝑝 values correlated from the experimental data 
and the GCM estimated density data is 7.5%. 9.8% is calculated for the 𝜅𝑇 values 
from two different sets of density data. As shown in figure 3-6(a), some data points 
deviate far away from the diagonal line are from the two ILs: [C2OHC1NH2][C4COO] 
corresponding to the data points above the diagonal line, and [C2mim][PF6] of which 
the data points are below the diagonal line. The observed fact maybe ascribed to the 
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4.1 Data Treatment 
4.1.1 Data Collection 
The experimental viscosity data of pure ionic liquids as a function of temperature from 
(253 to 573) K at atmospheric pressure were collected from the literature, comprising 
over 2,765 data points for more than 70 ionic liquids. Table 8-4 in the appendix 
presents an overview of all the experimental data, summarizing the references 
reporting the measurement viscosities for each ILs, the number of data points, and 
temperature range. 
Another database for the viscosity of binary ionic liquids mixtures was also created by 
collecting 966 data points of eleven binary systems from the literature, as a function of 
temperature (293.15 to 358.15) K and composition range from (0.0495 to 0.9552) 
mole fraction. The compositions of the mixtures, temperature range, the number of 
data points, and references are shown in table 4-9. 
4.1.2 Data Analysis 
The impurities (like halides, water, and metals) in ionic liquids and the different 
measurement techniques have a significant effect on the accuracy of measurement,
89
 
as we discussed in the introduction. In the present work, mathematical gnostics
111,177
 
was also used to analyse the experimental viscosity data and recommend dataset for 
each IL. Due to a limited number of data for the binary mixtures of ionic liquids 
having been reported to date, the given data were regarded as the recommended data. 
Nonlinear regression along with an influence function in mathematical gnostics is 
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utilized to analyse the viscosity data of pure ionic liquids. Mathematical gnostics 
stems from the methodology of robust statistics
178
 where the data errors are assumed to 
have a normal distribution with zero mean, but the sample is contaminated by a few 
values having a gross error. Knowing a distribution function of these gross errors an 
influence function is derived. During regression, the influence function is used for 
iterative reweighting of the residuals. The procedure is stopped when the values of 
residuals do not change. The influence function derived from mathematical gnostics 
does not require any assumption on the distribution function of measurement errors, 
both the precise data and outliers can be described by the same distribution function 
estimated during regression. In addition, these posterior weights obtained by 
application of the influence function are directly related to the distribution density 
where the weight equal to one coincides with the location of its maximum, i.e. the 
most probable value. Owing to these properties the values of the posterior weights 
together with results of marginal analysis of residuals can successfully be applied to 









)𝑆𝑐                                                                   (4-2) 
where, 𝜔 is the gnostic weight of the i-th datum; 𝜇𝑖 is the i-th datum; SC is the scale 
parameter, and ZO is the estimated most probable value, which has been described in 
Chapter 3. 
For example, several authors
179–187
 have reported viscosity values of [C2mim][OTf]. 
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The number of data points, temperature range, purity, and measurement techniques in 
each reference are summarized in table 4-1. 
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Table 4-1. Summary of related information for experimental viscosities of 1-ethyl-3-methylimidazolium triflate [C2mim][OTf] collected in 
literature  






[180] 1 293 Synthesized NA NA NA NA 
[181] 1 298.15 Fluka 98% NA NA HP
3D
CE 
[184] 8 278.15-348.15 Synthesized NA 96 NA Cone-plate rheometer 
[182] 18 278.15-363.15 Iolitec 99% 20 NA Stabinger viscometer 
[185] 5 303.15-363.15 Sigma Aldrich 98% NA NA Concentric cylinders 
viscometry 
[179] 9 283.15-363.15 NA NA 237 1300 Cone-plate viscometer 
[183] 1 303.15 
EMD 
Chemicals 
NA NA <2000 Cone-plate viscometer  
[186] 5 298.15-343.15 Solvionic 99.5% 50-100 NA Anton Paar viscosimeter 
[187] 4 288.15-318.15 Iolitec 99% 130 NA Stabinger viscometer 
Total 52 278.15-363.15      
a
Ndata, the number of data points; Trange, temperature range. 
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Figure 4-1 shows the data weight of experimental viscosities for [C2mim][OTf]. Only 
two data points
182,184
 were measured at 278.15 K. The weight of one point is close to 
zero, and the other is close to one. However, one can not say that the viscosity 
measured by Freire et al.
182
 at 278.15 K causes a very large difference from the 
estimated location. Only the qualitative judgment can be made by comparison between 
the data weights at the same temperature. It can be seen from figure 4-1 that the 
viscosity data reported by Freire et al.
182
 manifest better performances than other data 
at each reported temperature, except at 278.15 K.  
 
Figure 4-1. The data weight of the literature values for [C2mim][OTf]: △, Abbott et 
al.;
180
 ■, François et al.;181 □, Rodríguez et al.;184 ×, Freire et al.;182 ○, Yusoff et al.;185 
●, Seddon et al.;179 +, Morgan et al.;183 ▲, Tsamba et al.;186 ▽, Vuksanovic et al.187 
The comparison between the estimated locations and the experimental values is 
demonstrated in figure 4-2. Considerable differences are observed in figure 4-2, 
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especially with the temperature increasing. At 363.15 K, Yusoff et al.
185
 measured a 
viscosity value of 11.14 mPa·s. A difference of 30% was found from 7.75 mPa·s 
reported by Seddon et al.
179
 and 26.7% deviation from 8.169 mPa·s reported by Freire 
et al.
182
 The fact, this can be attributed to different measurement techniques, purity of 
samples or poor temperature control. Generally speaking, the performance of the data 
set measured by Freire et al.
182
 is better than the other three data sets
179,184,185
 in visual, 
ignoring three individual data points reported by three different references.
180,181,183
 
The data reported by Seddon et al.
179
 show a good agreement at the temperature range 
from 303.15 K to 343.15 K, while deviations increase at the higher temperature and 
lower temperature. The average relative deviation of the data set reported by Freire et 
al.
182
 is -0.7% compared with the estimated locations, lower than -4.1% of deviation 
from Seddon et al.
179
 and -4.5% of deviation from Rodríguez et al.
184
 While the 
average deviation is up to 9.7% for the data set measured by Yusoff et al.
185
 in a 
comparison from the estimated locations. Therefore, we recommend the data set from 
Freire et al.
182




Figure 4-2. Deviations of the literature values from the estimated locations for 
[C2mim][OTf]: △, Abbott et al.;
180
 ■, François et al.;181 □, Rodríguez et al.;184 ×, 
Freire et al.;
182
 ○, Yusoff et al.;185 ●, Seddon et al.;179 +, Morgan et al.;183 ▲, Tsamba 
et al.;
186
 ▽, Vuksanovic et al.187 
Viscosity (𝜇) decreases approximately exponentially with temperature, consequently 
the change in viscosity (∆𝜇 ) reduced significantly with increasing temperature. 
Another possible analysis method is to treat ln⁡(𝜇) instead of 𝜇 by using gnostic 
weights. Thus, the large variability in data weight (Figure 4-1) at temperature lower 
than 290 K maybe reduce and more significant differences at temperature higher than 
350 K would be observed. However, the deviation, which is used to evaluate the result 
and quality of our proposed method is the difference between the experimental 
viscosity and calculated viscosity (i.e. RAAD, eq. 3-1), rather than the difference 
between the logarithm of experimental viscosity and calculated viscosity (eq. 4-3). 
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Hence, it is more direct and accurate to analyse viscosity data than logarithm of 














|𝑀𝑖=0                                             (4-3) 
where M is the number of data points, 𝑥𝑒𝑥𝑝  and 𝑥𝑐𝑎𝑙  are the experimental and 
calculated values of properties, respectively. 
Herein, the statistical analysis and the gnostic analysis were also compared. If the 
distribution function of a data sample is unimodal, which is a frequent case in 
classical (non-robust) statistical analysis, the same data set is thus recommended by 
using the statistical analysis and the gnostic analysis. However, if the distribution 
function is multimodal, it is difficult to obtain an obvious result from the statistical 
analysis. For example of the experimental data of [C4mmim][NTf2]
188–190
, figure 4-3 
and figure 4-4 show the gnostic weight and deviations by gnostic analysis, 
respectively. Figure 4-5 shows the fitting deviations by statistical analysis. It is 
obviously observed from figure 4-3 and 4-4 that the data set reported by Gaciño et 
al.
190
 shows better performance and is recommended. But the statistical analysis result 
(as shown in figure 4-5) presents the large deviations for both data sets reported by 
Okoturo et al.
188
 (at lower temperature) and by Gaciño et al.190 (at higher 
temperature). Hence, it is difficult to recommend one data set through the statistical 
analysis result (i.e. figure 4-5). In view of this reason, the gnostic analysis is preferable 




Figure 4-3. The gnostic weight of the literature values for [C4mmim][NTf2]: △, 
Okoturo et al.;
188
 ■, Katsuta et al.;189 □, Gaciño et al.;190 
 
Figure 4-4. Deviations of the literature values from the gnostic analysis for 
[C4mmim][NTf2]: △,Okoturo et al.;
188




Figure 4-5. Deviations of the literature values from the statistical analysis for 
[C4mmim][NTf2]: △,Okoturo et al.;
188
 ■, Katsuta et al.;189 □, Gaciño et al.;190 
Following the gnostic methodology, we recommended one dataset for each selected 
ionic liquid. The cations and anions used are among the most commonly studied 
structures. The cations used include imidazolium, ammonium, phosphonium, 
pyridinium, and pyrrolidinium series. 15 different inorganic anions are used, for 
example, tetrafluoroborate ([BF4]
-
), methyl sulfate ([C1SO4]
-
), and thiocyanate 
([SCN]
-
). Selected cations and anions are listed in table 4-2 along with the number of 
data points for the ionic liquid consisting of this ion, temperature range and the 
references from which the experimental viscosity data were taken. The selected 70 
different ILs, the number of the recommended data points, and the temperature range 
are shown in table 4-3. Only one data set has been published, or several data sets have 
been published, of which only one data set contains sufficient data for the regression, 
for example, [C6mim][Br] and [C10mim][BF4]. Recommended data could thus not be 
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Table 4-2. Selected Ions, Counterparts Constituting the Selected ILs, and References from Which Experimental Data Were Collected
a 







































































































































































































































 9 298.15-338.15 
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Ndata, no. of data points; Trange, temperature range.  
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Table 4-3. Ionic Liquids, Number of Recommended Data Points and Temperature 
Ranges in Each Corresponding Reference 
Code Ionic Liquid Ndata Trange (K) Ref. 
1 [C2mim][BF4] 4 282.55-323.65 
112
 
2 [C4mim][BF4] 7 293.15-323.15 
197
 
3 [C4mim][C1SO4] 9 293.15-343.15 
198
 
4 [C2mim][C1SO4] 19 283.15-373.15 
191
 
5 [C4mim][NTf2] 21 273.15-353.15 
116
 
6 [C3mim][NTf2] 10 298.15-343.15 
204
 
7 [C3mim][PF6] 10 318.15-363.15 
205
 
8 [C4mim][PF6] 7 293.15-323.15 
199
 
9 [C4m(3)py][DCA] 10 283.15-328.15 
206
 
10 [P66614][DCA] 11 298.15-343.15 
208
 
11 [P66614][NTf2] 17 278.15-358.15 
209
 
12 [C4m(3)py][NTf2] 18 278.15-363.15 
207
 
13 [C4mmim][BF4] 7 313.15-373.15 
188
 
14 [C4py][BF4] 4 293.15-323.15 
210
 
15 [C4py][NTf2] 18 278.15-363.15 
207
 
16 [C4mmim][NTf2] 21 273.15-373.15 
190
 
17 [C6mim][BF4] 8 288.15-323.15 
197
 
18 [C10mim][BF4] 9 283.15-363.15 
179
 
19 [C10mim][PF6] 6 313.15-363.15 
179
 
20 [C6mim][PF6] 11 293.15-343.15 
211
 
21 [C1mim][NTf2] 8 283.15-353.15 
215
 
22 [C4mpyrro][NTf2] 11 293.15-343.15 
208
 
23 [C4mpyrro][C1SO4] 10 298.15-343.15 
217
 
24 [C1mim][C1SO4] 7 293.15-343.15 
216
 
25 [C2mim][NTf2] 12 263.15-353.15 
192
 





27 [C4m(4)py][NTf2] 18 278.15-363.15 
207
 
28 [C2mim][SCN] 18 278.15-363.15 
182
 
29 [C4mim][SCN] 18 283.15-368.15 
200
 
30 [C4m(4)py][SCN] 6 298.15-348.15 
218
 
31 [C4mpyrro][SCN] 6 298.15-348.15 
218
 
32 [C2mim][OAc] 10 298.15-343.15 
193
 
33 [C4mim][OAc] 5 303.15-343.15 
201
 
34 [C4mpyrro][OAc] 14 298.15-363.15 
219
 
35 [C2mim][OTf] 18 278.15-363.15 
182
 
36 [C4mim][OTf] 9 283.15-363.15 
179
 
37 [C8mim][OTf] 9 283.15-363.15 
179
 
38 [C4mpyrro][OTf] 19 283.15-373.15 
190
 
39 [C10mim][OTf] 9 283.15-363.15 
179
 
40 [C8mim][NTf2] 9 283.15-353.15 
222
 
41 [C8mim][BF4] 14 273.15-353.15 
223
 
42 [C8mim][PF6] 4 293.15-353.15 
224
 
43 [C2mim][FAP] 9 293.15-373.15 
194
 
44 [C4mim][FAP] 9 293.15-373.15 
194
 
45 [C6mim][FAP] 11 293.15-343.15 
211
 
46 [C4mpyrro][FAP] 19 283.15-373.15 
190
 
47 [C4mmim][FAP] 19 283.15-373.15 
190
 
48 [P66614][FAP] 22 268.15-373.15 
190
 
49 [C2mim][DCA] 18 278.15-363.15 
182
 
50 [C2mim][C2SO4] 10 298.15-343.15 
195
 
51 [C6mim][Br] 9 293.15-333.15 
212
 
52 [P66614][Br] 18 278.15-363.15 
209
 
53 [C4mim][DCA] 18 278.15-363.15 
202
 
54 [C4mpyrro][DCA] 11 293.15-343.15 
220
 
55 [C8py][BF4] 15 283.15-353.15 
226
 





57 [C4m(3)py][BF4] 8 283-343 
8
 
58 [C2mim][C8SO4] 19 283.15-373.15 
191
 
59 [C4mim][C8SO4] 9 293.15-373.15 
203
 
60 [C2mim][C1SO3] 18 278.15-363.15 
182
 
61 [P66614][C1SO3] 18 278.15-363.15 
209
 
62 [C2mim][Tos] 13 303.15-363.15 
182
 
63 [C6mim][NTf2] 6 298.15-343.15 
213
 
64 [C10mim][NTf2] 4 293.15-323.15 
214
 
65 [N1114][NTf2] 15 283.15-353.15 
227
 
66 [N8881][NTf2] 8 273.15-333.15 
228
 
67 [C6py][NTf2] 9 298.15-338.15 
229
 
68 [C2mim][Cl] 4 298.15-313.15 
196
 
69 [C6mim][Cl] 9 283.15-363.15 
179
 
70 [C8mim][Cl] 4 298.15-343.15 
225
 
Total  819 263.15-373.15  
4.2 Development of Predictive Models 
The UNIFAC-VISCO model is utilized to predict the viscosity of organic liquid 
mixtures originally. In this work, the UNIFAC-VISCO method was modified and 
developed to estimate the viscosity of pure and binary mixtures of ionic liquids. The 
UNIFAC-VISCO model is a group contribution model, in which the contribution 
value of each functional group has to be calculated. Therefore, defining the functional 
groups in the ionic liquids is necessary. Herein, the cation and anion, constituting the 
ionic liquid, are regarded as individual groups. In the calculation of pure ionic liquid, 
the ionic liquid is taken as a ‗mixture‘ of two components (the cation and anion) with 
mole fractions both equal to 0.5. Each component (the cation or anion) is composed of 
a single group. In the calculation of binary mixtures of ionic liquids, either ionic liquid 
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is a component, each consisting of two groups (the cation and anion). 
The first set of parameters required for the calculation of IL viscosity using the 
modified UNIFAC-VISCO method is the molar volume (𝑉𝑖) of pure components and 
the molar volume (𝑉𝑚) of their mixture (see eq. 2-16). For a single ionic liquid, these 
correspond to the effective molar volume of the cation and anion (i.e., components) 
and the molar volume of pure ionic liquid, respectively. In chapter three, we have 
introduced our work to calculate the volumetric parameters of ions and evaluate the 
volumetric properties of ionic liquids using a group contribution model. Herein, the 
effective molar volumes of ions and the molar volumes of ionic liquids as a function of 
temperature were calculated using the obtained volumetric parameters following the 
eq. 2-5. 
The second set of parameters required for the calculation of IL viscosity using the 
UNIFAC-VISCO method is the van der Waals volume (R) and surface area (Q) of ions. 
The R and Q values of cations and anions were simulated using TURBOMOLE and 
COSMOthermX, which have been described in chapter 2.4. 
Another set of parameters required for the UNIFAC-VISCO method is the viscosities 
of components, that is, the effective viscosities of ions (see eq. 2-16). In this work, the 
effective viscosity of cations and anions as a function of temperature is represented by 
the Vogel-Fulcher-Tamman (VFT) equation (see eq. 2-15). 
The last set of parameters is the binary interaction parameters (𝛼𝑚𝑛 ) between 
functional groups, such as 𝛼𝑐𝑎𝑡𝑖𝑜𝑛/𝑎𝑛𝑖𝑜𝑛 and 𝛼𝑎𝑛𝑖𝑜𝑛/𝑐𝑎𝑡𝑖𝑜𝑛. 
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In order to estimate the unknown binary interaction parameters and ions VFT 
parameters, the recommended viscosity data were used for regression analysis by 
minimizing the objective function in the Marquardt optimization technique (eq. 2-32). 
For each ionic liquid, eight parameters are unknown. For example of [C2mim][NTf2], 
𝛼,𝐶2𝑚𝑖𝑚-+/,𝑁𝑇𝑓2- , 𝛼,𝑁𝑇𝑓2- /,𝐶2𝑚𝑖𝑚-+ , 𝑉 𝑇,𝐶2𝑚𝑖𝑚-+(𝐴, 𝐵, 𝑇0) , and 
𝑉 𝑇,𝑁𝑇𝑓2- (𝐴, 𝐵, 𝑇0) are unknown and need to be optimized. However, the more 
unknown parameters involved, the more experimental data are requested. Herein a 
method of combining four ionic liquids with common ions was adopted to reduce the 
number of unknown parameters. For example, the following four ionic liquids; 










), as shown in figure 4-6. Originally 32 parameters were unknown for four 
ionic liquids. While, in figure 4-6, the first and the second ILs have the same anion; the 
second and the third ones have the same cation; etc. It means that the VFT parameters 
of only four different ions need to be determined in the regression of four different ILs. 




Figure 4-6. Example of the approach proposed for the regression analysis
89
  
In the first stage, the recommended data of the selected 25 most common ionic 
liquids were used to estimate the interaction parameter and ions VFT 
parameters. Two steps to complete the regression: 1) the ‘solver’ add-on in Excel 
was used to minimize the objective function and get the initial values of 
parameters; 2) initial values of parameters were implemented into the MATLAB 
files for the further regression analysis to obtain the final values of the binary 
interaction parameters and ions VFT parameters using non-linear fitting 
method. Based on the parameters of these 25 ionic liquids, proceeding to the 
next stage, binary parameters and VFT parameters for other 45 ionic liquids 
were optimized by correlating the recommended data of these 45 ionic liquids.  
Following the same methodology, the parameters of binary ionic liquids 
mixtures were estimated by correlating one data set of each binary system, 
totally including 128 data points. Other 838 data points of these eleven binary 
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mixtures were tested and compared with pure evaluated values. The regression 
processes were completed using MATLAB software.  
4.3 Results and Discussion 
The binary interaction parameters (Table 4-4) and ions VFT parameters (Table 4-5) for 
70 ionic liquids, comprising 17 cations and 15 anions, were estimated by correlating 
819 experimental data points. 
Table 4-4. Estimated Binary Interaction Parameters between ions  










































































































































































































































































































































































































































 -22.96  252.44  
Table 4-5. VFT fitting parameters of ions 
Cation/Anion A (mPa•s) B (K) To (K)   Cation/Anion A (mPa•s) B (K) To (K) 
[C1mim]
+
 0.521 385.2 182.9 [C6py]
+
 0.034 1066.3 171.6 
[C2mim]
+
 0.436 792.8 110.1 [BF4]
-
 0.403 532.9 182.7 
[C3mim]
+
 0.091 664.4 180.4 [C1SO4]
-
 0.517 756.9 186.0 
[C4mim]
+
 0.062 926.9 155.8 [NTf2]
-
 2.007 581.0 170.7 
[C6mim]
+
 0.032 1192.9 145.7 [PF6]
-
 6.206 378.1 215.4 
[C10mim]
+
 0.013 1965.2 142.1 [DCA]
-
 4.760 282.5 197.9 
[C4mmim]
+
 0.010 1075.2 161.1 [SCN]
-
 8.425 690.3 177.9 
[C4py]
+
 0.587 1031.8 171.6 [OAc]
-
 3.497 254.1 244.2 
[C4m(3)py]
+
 0.250 766.9 174.8 [OTf]
-
 1.492 412.2 188.0 
[C4mpyrro]
+
 0.022 966.9 160.7 [FAP]
-
 1.371 587.6 183.6 
[P66614]
+
 2.520 1029.4 130.0 [C2SO4]
-
 1.049 1285.1 174.4 
[C4m(4)py]
+
 0.063 944.8 171.2 Br
-
 0.036 1958.5 161.8 
[C8mim]
+
 0.021 1577.3 143.6 [C8SO4]
-
 0.611 1159.5 184.4 
[C8py]
+
 1.781 772.0 182.7 [C1SO3]
-
 2.190 1344.0 183.1 
[N1114]
+
 0.060 989.1 176.8 [Tos]
-
 0.226 1006.4 232.7 
[N8881]
+
 0.022 1828.4 161.8 Cl
-
 0.006 71.7 258.6 
RAAD values for the regression of each pure IL are presented in table 4-6. The model 
results show a global relative average absolute deviation of 1.4% from the 819 
experimental data, which demonstrate an excellent correlation ability of this model, 
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except in the case of the [C6mim]Br (RAAD = 12.3 %) and [C10mim][NTf2] (RAAD = 
14.7%).  
Table 4-6. Relative Absolute Average Deviation (RAAD) of the Calculated Viscosity 
from the Experimental Viscosity Data for Selected ILs 
IL RAAD (%) IL RAAD (%) 
[C2mim][BF4] 1.71  [C4mim][OTf] 1.09  
[C4mim][BF4] 0.25  [C8mim][OTf] 1.00  
[C4mim][C1SO4] 0.17  [C4mpyrro][OTf] 0.72  
[C2mim][C1SO4] 0.16  [C10mim][OTf] 0.99  
[C4mim][NTf2] 0.38  [C8mim][NTf2] 0.88  
[C3mim][NTf2] 0.13  [C8mim][BF4] 0.53  
[C3mim][PF6] 0.11  [C8mim][PF6] 0.88  
[C4mim][PF6] 0.29  [C2mim][FAP] 0.39  
[C4m(3)py][DCA] 0.23  [C4mim][FAP] 1.45  
[P66614][DCA] 0.42  [C6mim][FAP] 0.48  
[P66614][NTf2] 0.22  [C4mpyrro][FAP] 1.60  
[C4m(3)py][NTf2] 0.12  [C4mmim][FAP] 2.16  
[C4mmim][BF4] 1.63  [P66614][FAP] 1.23  
[C4py][BF4] 3.46  [C2mim][DCA] 2.31  
[C4py][NTf2] 0.83  [C2mim][C2SO4] 0.14  
[C4mmim][NTf2] 1.84  [C6mim]Br 12.33  
[C6mim][BF4] 0.45  [P66614]Br 1.44  
[C10mim][BF4] 1.73  [C4mim][DCA] 0.40  
[C10mim][PF6] 0.57  [C4mpyrro][DCA] 7.19  
[C6mim][PF6] 0.54  [C8py][BF4] 1.12  
[C1mim][NTf2] 0.73  [C8py][NTf2] 0.24  
[C4mpyrro][NTf2] 0.32  [C4m(3)py][BF4] 1.48  
[C4mpyrro][C1SO4] 0.66  [C2mim][C8SO4] 0.80  
[C1mim][C1SO4] 0.45  [C4mim][C8SO4] 3.37  
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[C2mim][NTf2] 1.78  [C2mim][C1SO3] 2.71  
[C4m(4)py][BF4] 3.32  [P66614][C1SO3] 2.60  
[C4m(4)py][NTf2] 0.20  [C2mim][Tos] 0.25  
[C2mim][SCN] 0.15  [C6mim][NTf2] 0.23  
[C4mim][SCN] 0.68  [C10mim][NTf2] 14.72  
[C4m(4)py][SCN] 0.57  [N1114][NTf2] 0.04  
[C4mpyrro][SCN] 2.20  [N8881][NTf2] 0.75  
[C2mim][OAc] 7.72  [C6py][NTf2] 0.34  
[C4mim][OAc] 0.62  [C2mim]Cl 9.84  
[C4mpyrro][OAc] 4.31  [C6mim]Cl 3.46  
[C2mim][OTf] 0.09  [C8mim]Cl 3.99  
The estimated viscosities in comparison with the experimental values are presented in 
figure 4-7. In addition, the relative deviation of the model in comparison with the 
experimental data is shown in figure 4-8. The distribution of absolute relative 
deviations from experimental data is illustrated in figure 4-9. Approximately 94.9% of 
the viscosities are calculated within 0 – 5%, 2.7% within 5 – 10%, 2% within 10 -20%, 
and the deviations of only four data points beyond 20%. The four points with a larger 
difference are from [C6mim]Br and [C10mim][NTf2]. Due to an extensive range of 
viscosity values from bromide and chloride based ILs, it is difficult to regress and 




Figure 4-7. Comparison between the experimental viscosities and the estimated 
values for pure ionic liquids. 
 




Figure 4-9. Distribution of relative deviations of the estimated viscosities from 
experimental ones. 
Tables 4-7 and 4-8 show the results for different cation series of ILs and different 
anion types of ILs, respectively. This deviation for the estimation follows the orders, 1) 
































. As explained previously, 
it is more difficult to obtain the optimal parameters for bromide and chloride based ILs 
because their viscosity range is larger than three orders of magnitude.
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Table 4-7. RAAD for Different Cation Types of ILs 
Cation Type No. of Structures No. of Data Range of Temperature (K) Range of Experimental Viscosity (mP.s) RAAD (%) 
Pyridinium 11 132 278.15 - 363.15 7.673 - 640.14 0.78 
Pyrrolidinium 7 90 283.15 - 373.15 8.98 - 593.7 2.30 
Phosphonium 5 86 268.15 - 373.15 17.567 - 16955 1.26 
Imidazolium 45 488 263.15 - 373.15 4.229 - 63100 1.53 
Ammonium 2 23 273.15 - 353.15 14.7 - 3729.6 0.29 
Table 4-8. RAAD for Different Anion Types of ILs 
Anion Type No. of Structures No. of Data Range of Temperature (K) Range of Experimental Viscosity (mP.s) RAAD (%) 
[PF6]
-
 5 38 293.15 - 363.15 17.77 - 1052 0.42 
[C1SO4]
-
 4 45 283.15 - 373.15 9 - 467.5 0.32 
Cl
-
 3 17 283.15 - 363.15 33.2 - 63100 5.09 
[C1SO3]
-
 2 36 278.15 - 363.15 13.33 - 7526.5 2.65 
[NTf2]
-
 17 223 263.15 - 373.15 7.673 - 3729.6 0.83 
[BF4]
-





 5 68 278.15 - 363.15 4.229 - 562.45 1.99 
[SCN]
-
 4 48 278.15 - 368.15 5.485 – 112.41 0.66 
[FAP]
-
 6 89 268.15 - 373.15 7.45 – 3067.3 1.35 
[OAc]
-
 3 29 298.15 – 363.15 8.98 – 288.8 4.85 
[C2SO4]
-
 1 10 298.15 – 343.15 18.72 – 97.6 0.14 
[C8SO4]
-
 2 28 283.15 - 373.15 23.3 - 1879 1.62 
Br
-
 2 27 278.15 – 363.15 85.436 - 16955 5.07 
[Tos]
-
 1 13 303.15 – 363.15 33.22 - 1417 0.25 
[OTf]
-
 5 64 278.15 – 373.15 8.169 - 2059 0.67 
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Based on the group interaction potential energy and VFT parameters obtained by the 
regression of the pure ILs and by following the same methodology, the viscosity of 
binary mixtures of ILs was then correlated using the UNIFAC-VISCO model. The 
compositions of the mixtures, temperature range, the number of data points, and 
references are shown in table 4-9. Herein, one set of data for each binary system was 
correlated to estimate the group interaction potential energy parameters. Other data of 
each binary system were used to compare with the predicted viscosities. The 
prediction result is highlighted by the RAAD values, presented in table 4-10, which is 
3.8% for all collected binary data. Also, the parity plot given in figure 4-10 shows a 
good agreement between the experimental viscosities and calculated values for binary 
mixtures by using the UNIFAC-VISCO model. 










x[C2mim][DCA]+(1-x)[C2mim][BF4] 0.05527-0.9552 298.15 7 
168
 





x[C2mim][OAc]+(1-x)[C2mim][C2SO4] 0.0993-0.9007 298.15-358.15 63 
167
 
x[C2mim][C2SO4]+(1-x)[C2mim][SCN] 0.0495-0.801 298.15-353.15 72 
165
 
x[C2mim][DCA]+(1-x)[C2mim][SCN] 0.2397-0.7415 298.15-353.15 36 
165
 
x[C4m(4)py][NTf2]+(1-x)[C2mim][C2SO4] 0.0513-0.9525 293.15-353.15 70 
166
 
x[C4py][BF4]+(1-x)[C4m(4)py][NTf2] 0.0575-0.9535 293.15-353.15 70 
159
 
x[C4mim][BF4]+(1-x)[C4mim][C1SO4] 0.1209-0.9447 298.15-308.15 117 
230
 
x[C4mim][PF6]+(1-x)[C4mim][BF4] 0.0568-0.945 298.15-308.15 117 
230
 
x[C4mim][BF4]+(1-x)[C4py][BF4] 0.1009-0.8998 293.15-343.15 99 
164
 





Table 4-10. RAADs of Training Data, Test Data, and All Experimental Data for Each Binary Mixture of ILs 
Binary system No. of Training Data RAAD for Training No. of Test Data RAAD for Test RAAD for each system 
x[C2mim][DCA]+(1-x)[C2mim][BF4] 7 2.25 0 - 2.25 
x[C6mim][BF4]+(1-x)[C2mim][BF4] 20 7.88 196 5.58 5.79 
x[C2mim][OAc]+(1-x)[C2mim][C2SO4] 7 5.05 56 4.77 4.80 
x[C2mim][C2SO4]+(1-x)[C2mim][SCN] 12 4.32 60 8.27 7.61 
x[C2mim][DCA]+(1-x)[C2mim][SCN] 12 1.35 24 2.60 2.18 
x[C4m(4)py][NTf2]+(1-x)[C2mim][C2SO4] 7 2.19 63 4.54 4.31 
x[C4py][BF4]+(1-x)[C4m(4)py][NTf2] 14 2.39 56 2.57 2.54 
x[C4mim][BF4]+(1-x)[C4mim][C1SO4] 9 0.56 108 1.46 1.39 
x[C4mim][PF6]+(1-x)[C4mim][BF4] 9 0.37 108 2.74 2.56 
x[C4mim][BF4]+(1-x)[C4py][BF4] 22 1.48 77 1.76 1.70 
x[C6mim][BF4]+(1-x)[C4mim][BF4] 9 0.76 90 3.86 3.57 
All mixtures 128 2.92 838 3.92 3.79 




Figure 4-10. Comparison of experimental viscosity and evaluated viscosity for binary 
ionic liquids where data used for developing correlation (●) and evaluation data (○) are 
shown. 
Moreover, the sensitivity analysis of binary interaction parameters has been made. 
Binary interaction parameters for each ionic liquid consist of two values, 𝛼𝑐𝑎𝑡𝑖𝑜𝑛/𝑎𝑛𝑖𝑜𝑛 
and 𝛼𝑎𝑛𝑖𝑜𝑛/𝑐𝑎𝑡𝑖𝑜𝑛. Small difference in the values of the binary interaction parameters 
maybe lead to a strong impact on the evaluated viscosity values. While the influence of 
values of other interaction parameters is very little and can be ignored. Table 4-11 
shows the effect of the binary parameter values on the calculated results of four 
[C1SO4]
-









Ionic Liquid  𝒄𝒂𝒕𝒊𝒐 /𝒂 𝒊𝒐   𝒂 𝒊𝒐 /𝒄𝒂𝒕𝒊𝒐  RAAD (%) 
[C1mim][C1SO4] 
-158.30 -54.69 0.445 
-159.30 -54.69 0.588 
-163.30 -54.69 1.475 
-158.30 -55.69 0.573 
-158.30 -59.69 1.370 
[C2mim][C1SO4] 
566.37 -354.46 0.158 
566.37 -359.46 2.081 
566.37 -364.46 4.232 
571.37 -354.46 0.444 
576.37 -354.46 0.858 
[C4mim][C1SO4] 
112.45 -365.32 0.171 
112.45 -370.32 2.618 
112.45 -375.32 5.314 
117.45 -365.32 1.219 
122.45 -365.32 2.419 
[C4mpyrro][C1SO4] 
405.62 -609.91 0.659. 
405.62 -614.91 3.351 
405.62 -619.91 6.847 
410.62 -609.91 1.026 
415.62 -609.91 1.542 
Herein, the control-variable method was applied to test the sensitivity of each 
parameter. As shown in table 4-11, the values with blue colour are the optimized values 
and the values with red colour are used for the sensitivity analysis. For 
[C1mim][C1SO4], the calculated deviations with decreasing 𝛼𝑐𝑎𝑡𝑖𝑜𝑛/𝑎𝑛𝑖𝑜𝑛  and 
𝛼𝑎𝑛𝑖𝑜𝑛/𝑐𝑎𝑡𝑖𝑜𝑛 by one, respectively, are of nearly the same quantity, 0.58%. Decreasing 
𝛼𝑐𝑎𝑡𝑖𝑜𝑛/𝑎𝑛𝑖𝑜𝑛 from -158.30 to -163.30, the estimated accuracy changes to 1.47%. Also 
decreasing 𝛼𝑎𝑛𝑖𝑜𝑛/𝑐𝑎𝑡𝑖𝑜𝑛 by 5, the estimated accuracy decreases to 1.37%. This means 
that 𝛼𝑐𝑎𝑡𝑖𝑜𝑛/𝑎𝑛𝑖𝑜𝑛 and 𝛼𝑎𝑛𝑖𝑜𝑛/𝑐𝑎𝑡𝑖𝑜𝑛 have nearly the same influence weight for the 
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determination of viscosity of [C1mim][C1SO4]. However, for other three [C1SO4]
-
 
based ILs, [C2mim][C1SO4], [C4mim][C1SO4], and [C4mpyrro][C1SO4], the effect of 
𝛼𝑎𝑛𝑖𝑜𝑛/𝑐𝑎𝑡𝑖𝑜𝑛 on the determination of viscosity is at least more than two times stronger 
than that of 𝛼𝑐𝑎𝑡𝑖𝑜𝑛/𝑎𝑛𝑖𝑜𝑛. For example of [C2mim][C1SO4], increasing 𝛼𝑐𝑎𝑡𝑖𝑜𝑛/𝑎𝑛𝑖𝑜𝑛 
and 𝛼𝑎𝑛𝑖𝑜𝑛/𝑐𝑎𝑡𝑖𝑜𝑛  by 5, the estimated accuracy is 0.44% and 2.08%, respectively. 
Furthermore, increasing 𝛼𝑐𝑎𝑡𝑖𝑜𝑛/𝑎𝑛𝑖𝑜𝑛 and 𝛼𝑎𝑛𝑖𝑜𝑛/𝑐𝑎𝑡𝑖𝑜𝑛 by 10, the deviation is 0.86% 
and 4.23%, respectively. It means that 𝛼𝑎𝑛𝑖𝑜𝑛/𝑐𝑎𝑡𝑖𝑜𝑛 is more sensitive to the value 
changes for [C2mim][C1SO4]. Larger difference changed on 𝛼𝑎𝑛𝑖𝑜𝑛/𝑐𝑎𝑡𝑖𝑜𝑛 value, more 
dominant the effect on the viscosity is.  
Therefore, the value of 𝛼𝑎𝑛𝑖𝑜𝑛/𝑐𝑎𝑡𝑖𝑜𝑛  represents the degree of binary interaction 
between cation and anion. For [C2mim][C1SO4], [C4mim][C1SO4], and 
[C4mpyrro][C1SO4], its value is -354.46, -365.32, and -609.91, respectively. One can 
conclude that the binary interaction between cation and anion follows this order 
qualitatively: [C2mim][C1SO4] < [C4mim][C1SO4] < [C4mpyrro][C1SO4]. This maybe 
attribute to the large hydrophobicity and stronger H-bond interaction between ions with 










Chapter 5             








5.1 Data Treatment 
5.1.1 Data Collection 
A database on ionic liquids solubility in molecular solvents was compiled by collecting 
6,948 solubility data points for 670 different binary mixtures (IL + solvent) over a 
broad range of temperature (211 to 459) K from 131 articles. The 670 different binary 
mixtures involve 142 ionic liquids (such as imidazolium, pyridinium, pyrrolidinium, 
ammonium, and phosphonium-based ILs) and 128 solvents (like water, alcohols, and 
aliphatic and aromatic hydrocarbons). The purity, impurity content and the impurity 
analysis methods were also recorded for the samples of ionic liquids and molecular 
solvents. The experimental method and uncertainties of each measurement were 
collected from the literature as well. 718 tie-line data for 224 binary mixtures are 
included in the 6,948 experimental solubility data points. 
According to the database, some general trends are observed. The solubility of the 











. For example, [C4mim][DCA] is completely miscible with alcohols 
(1-CnH2n+1OH, n=2, 4, 6, 8, and 10), while [C4mim][OTf] is only miscible with 
alcohols (1-CnH2n+1OH, n=2, 4, 6, and 8). Generally, the mutual solubility between ILs 
and alcohols decreases by increasing the alkyl chain length on the alcohol structure. 
However, the mutual solubility of ILs and alcohols increases by increasing the alkyl 
chain length on the cation. In contrary, the mutual solubility of ILs and water decreases 
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with the alkyl chain length on the cation. Furthermore, polar liquids are more soluble 
than the non-polar liquids in ILs, since ILs are extremely polar compounds. 
5.1.2 Data Upload 
A user-friendly web based interface was established (as fig. 5-1). The website address is 
illias.icpf.cas.cz. Up to now, all the functionalities on the website have been verified 
and this web based interface has been open to the public. All the mutual solubility data 
were uploaded to the user-friendly web based interface, including 718 tie-line (x-x-T) 
data points and 5,512 T-x data points. This online database will be open to the public 
and allow end users to get reference data with ease. Before uploading the data of each 
system, the components (IL and solvent) need to be defined. Four different ways can be 
used to define the component, such as by CAS, by name, by formula, and from 
Chemblink. Then the reference from which the solubility data were collected is only 
characterized by DOI. After the determination of both components and the reference, 
mutual solubility data can be uploaded along with impurity contents, analysis methods, 




Figure 5-1. The user-friendly web based interface 
5.1.3 Data Analysis 
In this work, mathematical gnostics
177
 was used to estimate the distribution function of 
residuals. Herein, the residual is the difference between experimental data (mole 
fraction of the IL) and the correlated values (the calculated mole fraction of IL by 
UNIFAC). The set of residuals are treated as an unordered set of experimental values 
and the same procedure is applied as for any experimental data. The estimating local 
distribution function (ELDF) derived by mathematical gnostics was used to calculate 
and describe the density distribution of residuals for each phase. The data point, with 
the maximum of the distribution density is the most probable value. 
Herein, we give an example of the liquid-liquid equilibrium (LLE) data analysis for the 
mixture ([C4mim][PF6] + water). First, the experimental data were correlated by using 
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the UNIFAC model. Figure 5-2 shows the LLE experimental data collected from the 
literature
10,231–234
 and the fitting values by UNIFAC. In figure 5-2 the experimental data 
in IL phase reported by different groups have a good agreement with the fitting result. 
But large discrepancies in water phase were observed, and thus influence the fitting by 
UNIFAC.  
 
Figure 5-2. The LLE experimental data and the UNIFAC fitting values for the mixture 
of [C4mim][PF6] and water.
10,231–234
 
Figures 5-3 and 5-4 show the distribution density of residuals in the IL phase and water 




Figure 5-3. Distribution function of residuals (mole fraction) in [C4mim][PF6] phase 
 
Figure 5-4. Distribution function of residuals (mole fraction) in water phase 
As shown in figure 5-3, the distribution density of the three data points in the IL phase 
reported by Wong et al.
231
 is 14.38 (303 K), 14.45 (313 K), and 17.48 (323 K), 
respectively. The same trend is observed in figure 5-4 that the distribution density of the 
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three data points increases with the temperature increasing, which means the data point 
at higher temperature reported by Wong et al.
231
 is more precise than the data point at 
low temperature. However, as shown in figure 5-4, the distribution density of the data 
in the water phase measured by Anthony et al.
232
 is 1418 (298.15 K), 1394 (308.15 K), 
and 1228 (323.15 K), respectively. Thus Anthony et al.
232
 provided more accurate 
experimental data at lower temperature. Therefore, the experimental data at low 
temperature reported by Anthony et al.
232
 and the data at high temperature reported by 
Wong et al.
231
 are recommended. 
5.2 Development of Predictive Models 
In this work, all the tie-line data for binary mixtures (IL + solvent) collected from the 
literature have been modelled using the UNIQUAC and UNIFAC methods, 
respectively. The original UNIQUAC and UNIFAC equations have been given in 
chapter two. Both UNIQUAC and UNIFAC models are used to describe the phase 
equilibrium and calculate the activity coefficients of components in the mixture. In the 
UNIQUAC model, the activity coefficient of components is the sum of a combinatorial 
and a residual terms. But the UNIFAC method is based on the UNIQUAC model and 
further considers the contributions of functional groups in the pure components. In this 
case, the combinatorial term is changed. Therefore, it is necessary and also important to 
define the UNIFAC functional groups in the pure component, ionic liquid. 
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5.2.1 Choice of the UNIFAC Functional Groups 
For the choice of the UNIFAC functional groups, three methods were reported to split 
the ionic liquid. Kim et al.
235
 and Lei et al.
236,237
 proposed one approach by treating the 
most of cation and anion as a whole and splitting the rest of groups. This approach is 
mainly used for methylimidazolium-based ionic liquids. For example, the ionic liquid 
[C2mim][NTf2] can be divided into one CH3 group, one CH2 group, and one 
[mim][NTf2] group. Lei et al.
236,237
 pointed out that ion pair often had strong 
electrostatic interactions so it is better to treat the centre of the cation and anion as a 
whole. However, Kim‘s method235 was only applied into the [mim]+ and [py]+ based 
ionic liquids. Further work is required to test the availability of this method for other 
types of ILs. 
Alevizou et al.
238
 and Nebig et al.
239,240
 divided the IL into three parts: the centre 
structure of the cation, the functional groups on the alkyl chain of the cation, and the 
anion. This approach produces more interaction parameters, which shows a higher 
flexibility, compared from Lei and Kim‗s method. This scheme is mainly applied in the 





 proposed a new cleavage method by simply splitting the ionic liquid 
into the cation and anion, thus neglecting the structure of cation. However, the 
deviation of correlation is lower than expected.  





 is the least, compared with the other two method for splitting. The 
number of functional groups within the system is reduced, thus the number of binary 
interaction parameters between different groups is reduced, less experimental data are 
required for parameters optimization and thus the calculation complexity for the 
activity coefficients based on the UNIFAC model is more simple. Herein, the method 
proposed by Santiago et al.
79,80
 was selected for the determination of the functional 
groups in the pure component, ionic liquids. 
5.2.2 Parameter Estimation 
The UNIFAC and UNIQUAC models provide the calculation of the activity 
coefficients. Due to lack of the values of the interaction parameters for ionic liquids, the 
initial guess values were assigned to the interaction parameters. Then an iterative 
mathematical calculation (as shown in fig. 5-5), the modified Rachford-Rice flash 
calculation method,
242
 was used to estimate the optimized interaction parameters. In 
each loop iteration, the phase equilibrium constant K is calculated and the phase 
distribution factor 𝜳 is determined as well. The estimated composition of each phase 
is also calculated based on the phase distribution factor 𝜳 and the phase equilibrium 




Figure 5-5. Modified Rachford-Rice algorithm for equilibrium flash calculation 
Firstly, based on the initial guess values of the binary interaction parameters 𝛼𝑚𝑛, the 
first set of activity coefficients is calculated. According to the calculated activity 
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𝒊𝒐 𝒊𝒄  𝒊𝒄 ⁡  𝒂                                                            (5-1) 
where subscript i refers to the component. 
The initial value of 𝜓𝑘  is chosen to be 0.9. 𝑓(𝜓𝑘)  and 𝑓′(𝜓𝑘)  are defined as 











2                                                       (5-3) 
𝜓𝑘 1 is be calculated based on 𝜓𝑘, 𝑓(𝜓𝑘) and 𝑓′(𝜓𝑘): 





                                                             (5-4) 
If the value of |𝜓𝑘 1  𝜓𝑘| is less than the criterion value 𝜀, the K-value and the 
distribution factor can be output to calculate the composition of both phases. Otherwise, 
𝑓(𝜓𝑘)  and 𝑓′(𝜓𝑘)  are recalculated iteratively, until the judgment condition is 
satisfied. 
The ‗Solver‘ add-on in Excel was used to perform the minimization of a 
concentration-based objective function, S defined by
243
: 












𝑘                        (5-5) 
where, D is the number of data sets, N and M are the number of components and 
tie-lines in each data set, respectively; the superscripts I and II refer to the two liquid 
phases in equilibrium, while the superscripts ‗exp‘ and ‗cal‘ refer to the experimental 
and calculated values of the liquid phase concentration. 
5.3 COSMO-RS Method 
In this work, the liquid-liquid equilibrium for binary systems with ionic liquids was 
also simulated by using the (COnductor like Screening MOdel for Real Solvents) 
method. The COSMOtherm software achieved this simulation.  
The COSMO-RS method is an priori predictive method. Based on the quantum 
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mechanical and chemical calculation of each molecule of pure components and 
complexes involved, surface charge distributions of each molecule/cluster is calculated 
as profiles of charge density called ‗sigma profiles‘. Each molecule/cluster has the 
unique sigma profile to describe the properties of the molecule in a solvent via 
conductor-like solvent. 
In this work, all cosmo files have been generated using the Turbomole software within 
the BP-DFT method and the Ahlrichs-TZVP basis set as already recommended by 
COSMOLogic
244
 and reported by Manan et al.
245
 
In comparison, the UNIFAC method takes into account the interactions between 
functional groups and it requires experimental data to regress interaction parameters 
between the groups, which the COSMO-RS method calculates the activity coefficient 
by considering interactions between the charge of each segment in the molecule. This 
allows the COSMO-RS method to calculate the real mixture behaviour based on the 
sigma profiles of the components only, leading to the fact that it does not require any 
experimental data to predict the activity coefficients. However, it does not always give 
satisfactory results, because the COSMO-RS method is so universal that it has to rely 
on the assumption that the complex behaviour of liquid mixtures can be calculated from 
only a few simple and universal equations and empirical constants. Thus, the UNIFAC 
method normally gives mores satisfactory results than the COSMO-RS method.  
5.4 Results and Discussion 
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The composition of each component in two phases is calculated based on the optimized 
interaction parameters. The result is highlighted by root mean square (rms) deviation, 
defined as follows: 
𝛿(𝑥) =    √














                                 (5-6) 
Table 8-5 shows the UNIFAC and UNIQUAC correlation results for the LLE 
experimental data of binary mixtures (IL + solvent) collected from the literature.  
Figure 5-6 shows the modelling result for the selected system, [C2mim][C2SO4] + 
heptane. It can be observed that the simulation result from COSMO-RS shows the 
poorest accuracy, as the reason is explained above. At low temperatures, the fitting 
result by UNIQUAC is better than UNIFAC. As the temperature increases, the 
correlated values by UNIFAC are closer to the experimental data than the correlated 
values by UNIQUAC. No significant differences appear in the quality of the 
UNIFAC/UNIQUAC fitting for the [C2mim][C2SO4] + heptane binary system, due to a 
small number of experimental data points used for correlation. As the number of the 
correlated experimental data increases, the difference between the fitting results by 




Figure 5-6. Liquid-liquid equilibrium for the heptane + [C2mim][C2SO4] system 
The global deviation for all investigated tie-line data is 1.58% and 3.70% by the 
UNIFAC and UNIQUAC methods, respectively. For all the mixtures, 119 mixture 
types show that the result correlated by UNIFAC is more accurate than that correlated 
by UNIQUAC. However, Santiago et al.
77,79,80
 simulated 35 ternary systems using both 
UNIFAC and UNIQUAC methods. A better accuracy was observed by UNIQUAC 
(1.37%) than by UNIFAC (2.86%) except in three ternary systems, according to the 
correlation results reported by Santiago et al.
77,79,80
 This fact attributes to the different 
optimization procedures used for the parameter estimation. The UNIFAC/UNIQUAC 
fitting investigated in my work is performed by using the ‗Solver‘ in Excel, which is 
based on the general roughness gradient (GRG) method. The calculation procedure 
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reported by Santiago et al
77,79,80
 is based on the Simplex method. In terms of 
COSMO-RS method, the prediction is based on the assumption that the complex 
behaviour of liquid mixtures can be calculated from only a few simple and universal 
equations and empirical constants. Therefore, the COSMO-RS method gives less 
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Comprehensive databases for ionic liquids properties, such as volumetric properties, 
viscosity, and mutual solubility with other liquids, have been created. The density 
database contains 16,092 experimental density data for 81 ionic liquids as a function of 
temperature (217 – 473) K and pressure (0.1 – 207) MPa. Two viscosity databases were 
created, one for pure ionic liquid and the other for binary mixtures of ionic liquids. The 
viscosity database for pure ionic liquid consists of more than 2,765 data points for 70 
ionic liquids over a broad temperature range (253 – 573) K at 0.1 MPa. Another 
viscosity database for binary mixtures collected 966 data points of 11 binary mixtures 
as a function of temperature from 293 to 358 K. The composition of the binary mixture 
ranges from 0.0495 to 0.9552 mole fraction. The database on ionic liquids solubility in 
molecular solvents is composed of 6,948 data points for 670 types of binary mixtures 
(IL + Solvent), which contains 142 ILs and 128 solvents. 
For the density and viscosity of the same IL and the mutual solubility of the same 
system reported by more than one reference, mathematical gnostics was used to analyse 
the experimental data from different resources and recommend one dataset. 
Mathematical gnostics is an efficient way to mine the information of uncertainty of the 
data sample. 
The recommended density data were used to establish a group contribution model. 
Among these recommended data, 5,399 data points of 54 ionic liquids were trained to 
 
154 
estimate the volumetric parameters of ions and thus the contributions of each ion to the 
molar volumes of ionic liquids. 2,522 data points of other 27 ionic liquids, not included 
in the training set, were compared with the evaluated values. The estimation accuracy 
of 0.31% shows that this method is able to evaluate the volumetric properties of ionic 
liquids satisfactorily. Four group contribution methods (Gardas-Coutinho‘s method28, 
Taherifard-Raeissi‘s method154, Paduszyński-Domańska‘s method32, and our method) 
were compared in terms of the prediction of high-pressure density for pure ILs and the 
method proposed in my work shows the best performance. In case of the prediction of 
density of binary ILs mixtures, while the Paduszyński-Domańska‘s method32 gives the 
best accuracy (0.236%), the result obtained by our method is 0.241%, which is very 
close to that of Paduszyński-Domańska32. In addition, the better thermodynamic 
formalism was determined for the calculation of mechanical coefficients with more 
accuracy during my work.  
The recommended viscosity data for pure ionic liquids were correlated using the 
modified UNIFAC-VISCO method. The binary interaction parameters and ions VFT 
parameters were estimated by means of the Marquardt optimization technique. The 
optimized values of binary interaction parameters were implemented into the 
correlation of the training viscosity data for binary mixtures. The other binary viscosity 
data, used as the test set, were compared with the pure evaluated values. The method 
shows good correlation ability for the pure ionic liquid with a relative average absolute 
deviation of 1.4% and shows a good evaluation agreement for the binary mixtures 
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within 3.8%. The work for the evaluation of viscosity of pure ILs is indeed mainly 
correlation. However, the UNIFAC-VISCO based method has the potential, thanks to 
the optimized binary interaction parameters by correlation of this work, for the pure 
prediction of the viscosity of mixtures (ILs + molecular solvents) and even the 
conductivity of mixtures containing ILs, which was the next step of our work and has 
been proved practicable up to now. 
All the tie-line (x-x-T) data in the solubility database were correlated using the 
UNIQUAC and UNIFAC methods, respectively. The UNIFAC method originates from 
the UNIQUAC method. The UNIQUAC method requires the binary interaction 
parameters between components (i.e. the ionic liquid and the solvent). The UNIFAC 
method further considered the contributions of functional groups and involved the 
binary interaction parameters between groups. In this work, the parameters estimation, 
no matter in the UNIQUAC and UNIFAC methods, were carried out based on the flash 
calculation method. Finally, 718 tie-lines were correlated with a global deviation of 
1.37% (UNIFAC) and 2.86% (UNIQUAC). The fitting results by using the UNIFAC 
and UNIQUAC methods were analysed. Because the UNIFAC model divides the 
components into smaller functional groups, the number of the binary interaction 
parameters between groups in the UNIFAC model is more than that in the UNIQUAC 
model. UNIFAC shows more accuracy than UNIQUAC in case of fitting to the systems 
with limited number of different functional groups. As the number of functional groups 
involved in the mixtures increases, the number of the interaction parameters in the 
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UNIFAC model significantly increases, which increases the difficulties in the 
regression to obtain the optimal values for all the interactions parameters. Thus, the 
UNIQUAC model gives better results in terms of fitting to the mixtures containing 
many different groups. 
6.2 Future Work 
During my Ph.D. study, a modified UNIFAC-VISCO method was developed to 
evaluate the viscosity of pure ionic liquids and binary ionic liquids mixtures. We are 
now working on this model in the case of the evaluation of viscosity for binary mixtures 
(ionic liquids + molecular solvents). Furthermore, this extension of the 
UNIFAC-VISCO model could be then applied for the evaluation of the viscosity of any 
electrolytes including those based on classical molten salts used in supercapacitors 
and/or batteries applications. Due to a similarity of another important property – 
conductivity, to the viscosity, a new method based on the UNIFAC-CONDUCT model 
will be proposed by our group very soon to evaluate the conductivity of pure ionic 
liquids and more generally electrolytes as a function of temperature at atmospheric 
pressure. More generally, these original and new UNIFAC methods could be then 
applied for multiple components mixtures, as well as, under high-pressure to verify 
their applicability under more drastic and realistic conditions. In addition, a review, on 
the mutual solubility between ionic liquids and molecular solvents will be prepared 
soon which will be submitted to the Journal of Physical and Chemical Reference Data 
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Table 8.1 Tait Parameters Used to Fit Each Dataset From Different References 
 
IL Ref. a0 / g·cm
-3








 RAAD (%) b0 / MPa b1 / MPa·K
-1




·C RAAD (%) 
[C2mim][SCN] 
119
 1.364 -1.03E-03 6.79E-07 0.017 100.00 4.992 0.098 3.783 0.023 
[C2mim][OAc] 
120
 1.340 -9.74E-04 5.69E-07 0.008 99.71 5.013 0.112 3.794 0.049 
[C4mim]Cl 
121
 1.331 -1.04E-03 7.14E-07 0.002 98.83 4.999 0.060 3.777 0.473 
[C2mim][DCA] 
122
 1.202 1.56E-05 -1.03E-06 0.558 70.44 5.258 0.212 3.107 0.236 
[N1112OH][Lactate] 
121
 1.391 -1.04E-03 6.57E-07 0.003 98.77 5.001 0.109 3.781 0.500 
[C4mim][SCN] 
119
 1.325 -1.10E-03 8.14E-07 0.008 100.00 4.986 0.085 3.778 0.015 
[C2mim][BF4] 
127
 1.659 -1.54E-03 1.14E-06 0.009 99.51 4.998 0.083 3.784 0.086 
134
 1.544 -9.94E-04 3.75E-07 0.002 696.4 -1.761 0.002 0.102 0.025 
112
 1.544 -9.73E-04 3.52E-07 0.001 99.56 4.996 0.112 3.782 0.072 
149
 1.488 -6.81E-04 5.51E-08 - 81.46 5.193 0.222 3.145 0.326 
[C4mim][OAc] 
120
 1.230 -5.89E-04 -5.08E-09 0.006 99.88 4.994 0.073 3.784 0.060 
153
 1.256 -7.65E-04 2.59E-07 0.009 99.51 4.996 0.084 3.783 0.620 
[C2mim][Lactate] 
121
 1.402 -1.01E-03 5.09E-07 0.003 99.77 4.996 0.078 3.782 0.921 
[C4mim][DCA] 
122
 1.176 -1.47E-04 -7.28E-07 - 20.17 5.988 0.338 3.767 0.348 
173
 1.283 -8.57E-04 3.66E-07 0.007 99.49 4.996 0.075 3.782 0.205 
124
 1.276 -8.13E-04 2.95E-07 0.003 99.54 4.992 0.088 3.779 0.473 
[C1mim][C1SO4] 
117
 2.621 -7.34E-03 1.02E-05 0.006 100.00 4.992 0.107 3.783 0.052 
118
 1.561 -9.00E-04 3.86E-07 0.019 99.46 4.999 0.098 3.782 0.176 
[C4m(4)py][SCN] 
119
 1.108 2.36E-04 -1.31E-06 0.025 99.50 4.996 0.089 3.782 0.027 
[C2mim][C1SO4] 
93





 1.314 -6.60E-05 -9.01E-07 0.008 99.21 4.999 0.131 3.782 0.399 
133
 1.430 -7.63E-04 1.19E-07 0.007 99.79 4.994 0.076 3.783 0.072 
125
 1.462 -9.65E-04 4.48E-07 0.005 99.47 4.996 0.101 3.782 0.159 
[C4mim][BF4] 
112
 1.457 -9.94E-04 4.63E-07 0.001 99.46 4.996 0.098 3.783 0.081 
246
 1.496 -1.24E-03 8.89E-07 0.017 99.47 4.996 0.090 3.783 0.102 
126
 1.476 -1.10E-03 6.43E-07 0.006 98.84 5.000 0.090 3.782 0.098 
247
 1.485 -1.12E-03 6.25E-07 0.008 99.49 4.997 0.081 3.784 0.131 
114
 1.556 -1.55E-03 1.23E-06 0.005 99.45 4.992 0.062 3.780 0.042 
248
 1.433 -8.02E-04 2.11E-07 - 70.49 5.280 0.082 3.145 0.209 
137
 1.418 -7.36E-04 2.40E-08 0.019 99.77 4.995 0.067 3.783 0.213 
 249 1.441 -8.52E-04 2.99E-07 - 70.49 5.294 0.116 3.150 0.259 
136
 1.407 -7.00E-04 3.15E-08 0.029 551.00 -1.261 0.001 0.094 0.031 
250
 1.456 -1.03E-03 5.51E-07 - 103.44 6.611 2.008 2.014 0.035 
251
 10.902 -6.19E-02 9.85E-05 0.412 96.71 5.836 -2.176 -28.363 0.207 
252
 1.470 -1.07E-03 5.71E-07 0.001 99.56 4.996 0.088 3.783 0.106 
253
 1.495 -1.31E-03 1.17E-06 0.706 101.65 5.421 0.564 3.246 0.465 
132
 1.422 -7.60E-04 6.33E-08 0.009 99.46 4.996 0.079 3.783 0.116 
 254 1.447 -9.35E-04 3.65E-07 0.008 100.46 4.991 0.087 3.784 0.834 
[C4mim][C(CN)3] 
127
 1.384 -1.50E-03 1.24E-06 0.018 99.45 4.998 0.064 3.784 0.108 
[C2mim][C2SO4] 
173
 1.450 -7.50E-04 1.25E-07 0.007 99.48 4.997 0.080 3.783 0.297 
93
 1.489 -9.04E-04 2.80E-07 0.023 99.52 4.996 0.084 3.783 0.139 
137
 1.417 -5.97E-04 -3.32E-09 0.013 98.75 4.996 0.025 3.780 0.382 
132
 1.447 -7.32E-04 7.94E-08 0.006 99.46 4.996 0.096 3.782 0.099 
174




 1.457 -7.91E-04 1.86E-07 0.002 99.47 4.996 0.100 3.782 0.087 
140
 1.504 -1.07E-03 5.86E-07 0.019 99.29 4.998 0.103 3.782 0.481 
255
 1.452 -7.58E-04 -1.34E-07 0.008 99.49 4.997 0.103 3.782 0.688 
256
 Dataset was measured at the same temperature 
257
 1.509 -1.10E-03 6.27E-07 0.016 99.49 4.997 0.103 3.782 0.481 
[C4m(2)py][BF4] 
129
 1.407 -6.99E-04 3.90E-08 0.002 99.46 4.996 0.096 3.782 0.111 
[C4m(3)py][BF4] 
129
 1.422 -9.14E-04 3.78E-07 0.003 99.46 4.996 0.096 3.782 0.164 
130
 1.367 -5.58E-04 -2.00E-07 - 571.61 -1.897 0.002 0.076 0.008 
[C4m(4)py][BF4] 
129
 1.416 -8.75E-04 3.12E-07 0.005 99.46 4.996 0.098 3.782 0.162 
131
 1.347 -4.04E-04 -3.20E-07 - -49.48 5.588 0.136 2.848 0.531 
[C4mim][C1SO4] 
132
 1.420 -7.49E-04 1.19E-07 0.009 99.46 4.996 0.092 3.782 0.102 
258
 1.399 -6.36E-04 -1.68E-08 0.006 99.47 4.996 0.100 3.782 0.076 
[C6py][BF4] 
133
 1.360 -7.10E-04 5.95E-08 0.006 99.77 4.994 0.067 3.783 0.078 
[C6mim][BF4] 
134
 1.374 -8.44E-04 2.50E-07 0.002 543.00 -1.288 0.001 0.102 0.030 
112
 1.386 -9.20E-04 3.77E-07 0.001 99.56 4.995 0.088 3.783 0.092 
149
 1.324 -4.81E-04 -2.78E-07 0.876 30.39 5.619 0.257 3.096 0.396 
259
 1.425 -1.19E-03 9.07E-07 - 1498.22 -1.693 -1.125 -31.202 0.373 
[C2mim][PF6] 
134
 3.219 -7.87E-03 8.23E-06 2.521 1153.9 -4.470 0.005 0.080 0.985 
[C2mim][OTf] 
149
 1.575 -4.36E-04 -6.04E-07 - -55.23 2.900 -0.007 0.066 0.175 
94
 1.699 -1.24E-03 5.25E-07 0.004 99.45 4.996 0.065 3.783 0.116 
[C8py][BF4] 
133
 1.349 -9.38E-04 4.29E-07 0.004 99.45 4.994 0.060 3.782 0.089 
[C8mim][BF4] 
112
 1.333 -8.53E-04 2.88E-07 0.001 99.48 4.996 0.081 3.783 0.102 
113
 1.234 -3.16E-04 -5.42E-07 0.028 100.00 4.991 0.103 3.784 0.599 
114




 1.332 -8.44E-04 2.61E-07 0.002 100.51 4.990 0.082 3.783 0.762 
260
 1.338 -8.83E-04 3.20E-07 0.000 99.56 4.995 0.089 3.783 0.800 
[C2mim][Tos] 
118
 1.470 -1.02E-03 6.29E-07 0.006 99.50 4.998 0.082 3.783 0.193 
[C4mim][PF6] 
113
 1.582 -6.86E-04 -1.95E-07 0.014 100.17 4.993 0.115 3.784 0.493 
126
 1.575 -4.74E-04 -7.09E-07 0.008 99.45 4.996 0.061 3.784 0.146 
247
 1.610 -8.20E-04 -4.30E-19 0.015 101.00 4.989 0.079 3.782 0.110 
248
 1.517 -2.71E-04 -7.48E-07 - 88.49 5.675 0.290 3.350 0.458 
137
 1.627 -9.14E-04 1.30E-07 0.009 99.90 4.994 0.076 3.783 0.194 
136
 1.602 -8.36E-04 1.17E-07 0.076 527.00 -1.211 0.001 0.095 0.042 
135
 1.733 -1.60E-03 1.24E-06 0.000 99.50 5.060 0.091 3.819 0.090 
[C4mim][OTf] 
149
 1.617 -1.32E-03 9.86E-07 - 108.46 5.210 1.258 2.549 0.638 
114
 1.702 -1.76E-03 1.39E-06 0.012 99.53 4.993 0.050 3.781 0.056 
[C4C1mim][PF6] 
114
 1.778 -1.88E-03 1.55E-06 0.013 99.53 4.993 0.055 3.781 0.038 
[C6mim][PF6] 
134
 1.592 -1.19E-03 6.25E-07 0.003 748.00 -2.190 0.002 0.118 0.074 
114
 1.703 -1.80E-03 1.45E-06 0.006 99.53 4.994 0.053 3.782 0.054 
224
 1.524 -7.80E-04 -3.58E-19 0.016 80.00 5.147 0.171 3.798 0.588 
116
 1.569 -1.05E-03 4.24E-07 0.005 100.48 4.905 0.088 3.705 0.347 
135
 1.441 -2.56E-04 -8.30E-07 0.000 99.50 4.997 0.066 3.784 0.065 
[C8mim][PF6] 
134
 1.528 -1.16E-03 6.25E-07 0.005 774.00 -2.238 0.002 0.126 0.087 
113
 1.360 -2.30E-04 -7.53E-07 0.010 100.54 4.990 0.101 3.783 0.563 
114
 1.662 -1.94E-03 1.71E-06 0.260 97.67 4.825 0.020 3.663 0.163 
223
 1.492 -9.46E-04 3.00E-07 0.003 99.77 4.995 0.067 3.783 0.204 
260
 1.503 -1.01E-03 4.00E-07 0.000 99.49 4.995 0.075 3.781 0.557 
224




 1.335 4.07E-06 -1.15E-06 0.000 99.50 4.995 0.059 3.784 0.043 
[C4mim][C8SO4] 
136
 1.201 -3.24E-04 -4.07E-07 0.061 99.53 4.997 0.044 3.783 1.533 
261
 1.327 -1.13E-03 8.23E-07 0.069 98.91 4.984 0.040 3.773 0.376 
262
 1.300 -8.91E-04 4.53E-07 - 104.95 6.382 0.296 4.202 0.421 
[C2mim][NTf2] 
127
 1.963 -1.84E-03 1.19E-06 0.004 98.91 5.001 0.052 3.784 0.123 
137
 1.829 -1.09E-03 1.42E-07 0.008 99.45 4.997 0.062 3.783 0.226 
263
 1.765 -7.83E-04 -5.89E-08 - 5501.18 -104.264 -0.322 -17.168 0.428 
[N1114][NTf2] 
31
 1.661 -9.14E-04 4.09E-08 0.005 98.91 5.000 0.055 3.783 0.277 
[C3mim][NTf2] 
138
 1.202 2.64E-03 -5.77E-06 0.005 98.83 5.000 0.065 3.784 0.140 
[C3mpyrro][NTf2] 
94
 1.787 -1.36E-03 5.93E-07 0.002 98.91 4.998 0.052 3.782 0.144 
[C3m(3)py][NTf2] 
94
 1.808 -1.36E-03 5.17E-07 0.004 99.53 4.995 0.050 3.784 0.153 
[C4mim][NTf2] 
173
 1.714 -9.31E-04 -4.26E-09 0.021 98.91 4.998 0.039 3.782 0.560 
137
 1.731 -1.02E-03 1.11E-07 0.002 99.53 4.996 0.042 3.783 0.322 
116
 1.746 -1.12E-03 2.78E-07 0.001 99.71 4.996 0.066 3.784 0.839 
139
 1.774 -1.29E-03 5.33E-07 0.000 98.91 4.993 0.059 3.777 0.234 
264
 1.597 -1.60E-04 -1.27E-06 0.008 98.83 5.000 0.064 3.784 0.112 
265
 1.747 -1.13E-03 2.84E-07 0.001 99.50 4.996 0.086 3.783 0.739 
153
 1.747 -1.13E-03 3.01E-07 0.005 472.45 -1.321 0.001 0.089 0.012 
[C4mpyrro][NTf2] 
94
 1.747 -1.31E-03 5.44E-07 0.002 98.91 4.998 0.051 3.782 0.152 
31
 1.652 -8.72E-04 2.18E-08 0.002 99.53 4.996 0.050 3.783 0.274 
266
 1.684 -1.06E-03 2.95E-07 0.005 99.43 4.995 0.081 3.783 0.398 
147
 1.702 -1.15E-03 3.96E-07 0.038 99.77 4.995 0.068 3.784 0.731 
[C3mpip][NTf2] 
94
 1.776 -1.43E-03 6.99E-07 0.018 98.91 4.998 0.053 3.782 0.152 
267





 1.811 -1.41E-03 7.26E-07 0.027 99.73 4.995 0.070 3.784 0.709 
[C5mim][NTf2] 
138
 1.507 1.91E-04 -1.80E-06 0.010 99.45 4.996 0.061 3.784 0.147 
[N8881][DCA] 
173
 1.059 -5.54E-04 -1.32E-08 0.025 99.53 4.997 0.048 3.784 0.381 
[C6mim][NTf2] 
264
 1.575 -4.74E-04 -7.09E-07 0.008 98.91 4.998 0.060 3.783 0.152 
268
 1.643 -9.12E-04 1.95E-19 0.030 98.18 4.997 0.034 3.779 0.554 
172
 1.682 -1.16E-03 4.20E-07 0.013 98.91 4.997 0.059 3.782 0.222 
142
 1.664 -1.05E-03 2.19E-07 0.015 449.48 -1.287 0.001 0.086 0.012 
269
 1.621 -7.71E-04 -2.14E-07 0.004 409.85 -1.327 0.001 0.070 0.013 
265
 1.670 -1.08E-03 2.67E-07 0.007 99.80 4.986 0.097 3.784 0.337 
[C7mim][NTf2] 
127
 1.755 -1.72E-03 1.18E-06 0.009 99.84 4.995 0.045 3.785 0.141 
[C8mim][NTf2] 
127
 1.788 -2.07E-03 1.70E-06 0.038 99.53 4.998 0.044 3.784 0.167 
270
 1.649 -1.31E-03 6.78E-07 0.005 99.53 4.995 0.050 3.783 0.071 
[C10mim][NTf2] 
93
 1.546 -8.92E-04 -2.49E-08 0.029 99.53 4.995 0.040 3.783 0.277 
[P66614]Cl 
29
 2.177 -7.62E-03 1.12E-05 - 107.76 5.136 0.282 3.110 0.779 
143
 1.135 -1.01E-03 6.35E-07 0.010 99.88 4.994 0.071 3.785 0.064 
145
 1.080 -6.88E-04 1.61E-07 0.002 98.91 4.997 0.059 3.782 0.151 
[P66614][OAc] 
29
 2.129 -7.28E-03 1.06E-05 - 109.50 4.919 1.313 2.506 0.977 
[P66614][DCA] 
143
 1.111 -8.31E-04 4.04E-07 0.013 99.89 4.994 0.076 3.785 0.097 
145
 1.073 -5.89E-04 1.79E-08 0.003 99.45 4.996 0.063 3.784 0.141 
[C2mim][FAP] 
144
 2.098 -1.42E-03 3.61E-07 0.013 98.91 4.996 0.052 3.781 0.097 
[P66614]Br 
145
 1.140 -6.32E-04 1.79E-08 0.003 98.91 4.997 0.056 3.782 0.157 
[P66614][C1SO3] 
145
 1.121 -6.78E-04 1.07E-07 0.003 98.91 4.997 0.055 3.782 0.161 
[C4mim][FAP] 
144
 2.051 -1.70E-03 9.10E-07 0.003 99.53 4.994 0.046 3.783 0.109 
[C4mpyrro][FAP] 
148




 1.915 -1.13E-03 9.53E-08 0.008 98.83 4.999 0.063 3.782 0.820 
[C1OC2mpyrro][FAP] 
147
 2.003 -1.38E-03 4.29E-07 0.013 98.83 4.999 0.063 3.782 0.808 
[C6mim][FAP] 
144
 1.949 -1.56E-03 7.53E-07 0.004 99.53 4.995 0.047 3.783 0.078 
[P66614][TNf2] 
29
 0.132 6.57E-03 -1.14E-05 - 105.10 5.367 -4.922 9.047 1.094 
145
 1.295 -7.98E-04 1.07E-07 0.003 98.91 4.996 0.058 3.781 0.163 
[P66614][FAP] 
148
 1.476 -1.13E-03 4.73E-07 0.005 99.53 5.000 0.046 3.787 0.112 
271
 1.385 -5.91E-04 -3.03E-07 0.001 99.53 4.994 0.042 3.783 0.101 
146
 1.445 -9.14E-04 1.18E-07 0.010 98.91 4.998 0.053 3.782 0.967 
[C6mim]Cl 
142
 1.218 -6.45E-04 1.41E-07 0.020 536.89 -1.300 0.001 0.088 0.012 
[C6mim][OTf] 
149
 1.116 1.35E-03 -3.04E-06 - 102.05 5.179 0.173 2.965 0.505 
[C4C1mim][FAP] 
150
 1.955 -1.24E-03 1.76E-07 0.021 484.97 -1.500 0.001 0.085 0.024 
[C4C1mim][NTf2] 
150
 1.711 -1.00E-03 1.07E-07 0.018 483.08 -1.345 0.001 0.088 0.021 
[C2OHC1NH2][C2COO] 
151
 1.220 -4.05E-04 -3.79E-07 0.000 99.77 4.995 0.067 3.783 0.081 
[C2OHC1NH2][C3COO] 
151
 1.247 -7.45E-04 1.20E-07 0.000 98.91 4.998 0.059 3.782 0.127 
[C2OHC1NH2][C4COO] 
151
 1.233 -8.41E-04 3.06E-07 0.000 99.53 4.995 0.052 3.783 0.140 
[C1mim][DMP] 
146
 1.504 -9.01E-04 2.94E-07 0.014 99.53 4.997 0.108 3.782 0.489 
[C2mim][C6SO4] 
146
 1.358 -8.55E-04 2.97E-07 0.014 99.48 4.997 0.081 3.783 0.629 
[C4mpyrro][B(CN)4] 
146
 1.193 -7.84E-04 1.96E-07 0.010 99.53 4.996 0.043 3.783 0.352 
[C4mpyrro][OTf] 
146
 1.491 -8.46E-04 1.75E-07 0.015 99.49 4.997 0.081 3.783 0.627 
[C3py][BF4] 
125
 1.523 -1.08E-03 5.87E-07 0.005 99.54 4.995 0.109 3.782 0.151 
[C4py][OTf] 
125
 1.525 -6.49E-04 -1.90E-07 0.004 99.51 4.996 0.077 3.783 0.123 
[C4m(3)py][DCA] 
125
 1.191 -3.52E-04 -4.16E-07 0.010 99.46 4.996 0.094 3.783 0.135 
[C8m(3)py][BF4] 
125
 1.318 -8.32E-04 2.84E-07 0.004 99.47 4.995 0.080 3.783 0.199 
[amim]Cl 
152





 1.418 -8.40E-04 3.11E-07 0.003 98.84 5.000 0.089 3.781 0.762 
[C2mim][DEP] 
153
 1.368 -8.20E-04 2.35E-07 0.006 474.33 -1.211 0.001 0.083 0.013 
[C2eim][NTf2] 
93
 1.846 -0.001 6.08E-07 0.006 99.53 4.995 0.047 3.783 0.013 























Table 8.2 COSMO Area (A) and Volume (V), UNIFAC 
Volume (R) and Surface Area (Q) Parameters For 
Cations and Anions 
 
Cation/Anion A (Å𝟐) V(Å𝟑) R Q 
[C1mim]
+
 143.6002 133.8301 4.1183 3.4946 
[C2mim]
+
 161.1985 154.7108 4.7608 4.0087 
[C3mim]
+
 179.0980 176.5918 5.4342 4.5473 
[C4mim]
+
 200.8316 198.3601 6.1040 5.0832 
[C5mim]
+
 221.0143 220.6703 6.7906 5.6325 
[C6mim]
+
 240.8024 242.4989 7.4623 6.1698 
[C7mim]
+
 260.7208 264.6426 8.1437 6.7150 
[C8mim]
+
 280.5705 286.4357 8.8143 7.2515 
[C10mim]
+
 320.5828 330.3650 10.1662 8.3329 
[C12mim]
+
 360.4221 374.4861 11.5239 9.4191 
[C14mim]
+
 400.3099 418.4717 12.8774 10.5019 
[benmim]+ 220.8244 229.6997 7.0684 5.8548 
[C2OHmim]+ 171.1799 165.8417 5.1034 4.2827 
[C2mmim]
+
 175.3365 175.9131 5.4133 4.5306 
[C3mmim]
+
 195.0583 198.0304 6.0939 5.0751 
[C4mmim]
+
 214.6826 219.6602 6.7595 5.6076 
[C6mmim]
+
 254.8100 263.9526 8.1225 6.6980 
[C2py]
+
 155.5940 150.2216 4.6227 3.8982 
[C4py]
+
 195.2272 194.1242 5.9737 4.9790 
[C6py]
+
 235.1054 238.2544 7.3317 6.0654 
[C8py]
+
 274.9784 282.3957 8.6900 7.1520 
[C2m(3)py]
+
 174.8855 172.7745 5.3819 4.5055 
[C3m(1)py]
+
 195.3973 195.2348 6.0081 5.0065 
[C3m(3)py]
+
 195.1102 195.2630 6.0090 5.0072 
[C4C2py]
+
 232.2243 238.1235 7.3277 6.0621 
[C4m(2)py]
+
 206.8813 214.2285 6.5924 5.4739 
[C4m(3)py]
+
 213.8947 215.1593 6.6210 5.4968 
[C4m(4)py]
+
 213.8053 215.4843 6.6310 5.5048 
[C4m(3)m(4)py]
+
 230.0961 236.0786 7.2647 6.0118 
[C4m(3)m(5)py]
+
 232.9659 237.4357 7.3065 6.0452 
[C6m(3)py]
+
 253.7834 259.3342 7.9804 6.5843 
[C6m(4)py]
+
 244.5804 249.0927 7.6652 6.3322 
[C6m(3)m(5)py]
+
 270.0042 284.2257 8.7467 7.1974 
[C6m(2)m(4)py]
+
 258.5318 285.2467 8.7781 7.2225 
[C6C2mmpy]
+





 275.7962 294.7824 9.0656 7.4525 
[C6mDMApy]
+
 288.9952 316.9315 9.7531 8.0025 
[C8m(3)py]
+
 293.4556 303.1504 9.3287 7.6630 
[C8m(4)py]
+
 293.9197 303.8951 9.3516 7.6813 
[C1mpyrro]
+
 148.6857 150.9291 4.6445 3.9156 
[C4mpyrro]
+
 202.7789 214.6760 6.6061 5.4849 
[C4C2pyrro]
+
 217.6567 236.2094 7.2688 6.0150 
[C6mpyrro]
+
 242.6089 258.7624 7.9628 6.5702 
[C8mpyrro]
+
 282.3652 302.68365 9.3143 7.6515 
[COC2mpyrro]+ 192.7529 205.0862 6.3112 5.2490 
[COC2mmor]+ 202.1930 214.3062 6.5950 5.4760 
[COC2mpip]+ 206.4940 220.7122 6.7921 5.6337 
[Pi(444)1]
+
 284.4425 338.8644 10.4277 8.5422 
[P66614]
+
 668.0665 748.1136 23.0213 18.6171 
[N1114]
+
 179.8881 185.0516 5.6947 4.7558 
[N1112OH]+ 151.8923 153.5328 4.7246 3.9797 
[N8881]
+
 528.8326 580.1772 17.8542 14.4834 
[BF4]
-
 90.5957 72.8610 2.2421 1.9937 
[C1SO4]
-
 118.0414 103.9738 3.1995 2.7596 
[NTf2]
-
 203.7327 220.7723 6.7937 5.6350 
[PF6]
-
 114.4755 103.6641 3.1900 2.7520 
[DCA]
-
 101.6045 82.3670 2.5346 2.2277 
[SCN]
-
 86.4618 69.5757 2.1410 1.9128 
[OAc]
-
 90.1298 72.1171 2.2192 1.9754 
[OTf]
-
 137.4601 128.7666 3.9625 3.3700 
[FAP]
-
 260.5544 321.3697 9.890 8.112 
[C2SO4]
-
 138.5912 125.1324 3.8506 3.2805 
Br
-
 58.6297 42.2134 1.2990 1.2392 
[C8SO4]
-
 257.5625 257.0302 7.9095 6.5276 
[C1SO3]
-
 107.2061 89.1805 2.7443 2.3954 
[Tos]
-
 186.3163 186.8862 5.7510 4.8008 
Cl
-
 52.8102 36.0874 1.1105 1.0884 
[I3]- 152.5258 143.1761 4.4061 3.7248 
[HSO4]
-
 97.8337 80.3428 2.4724 2.1779 
[C4SO4]
-
 178.4577 169.1366 5.2048 4.3638 
[C8SO4]
-
 257.5625 257.0302 7.9095 6.5276 
[DEP]
-
 180.6050 173.0418 5.3249 4.4599 
[DMP]
-
 139.5354 130.5071 4.0160 3.4128 
[B(CN)4]- 160.6364 147.8143 4.5486 3.8389 
[TOS]- 186.3163 186.8862 5.7510 4.8008 
[Meesu]- 218.6692 216.4830 6.6620 5.5296 
[C(CN)3]- 131.3405 113.8444 3.5034 3.0027 




Table 8.3 Density Data As a Function of Temperature 
and Pressure Reported in the Literature 
 
IL Ref. N0.1MPa T0.1MPa N>0.1MPa T>0.1MPa P (MPa) 
[C2mim][SCN] 119 5 298-338 60 298-338 0.1-10 
[C2mim][OAc] 120 7 293-353 56 293-353 0.1-25 
[C4mim]Cl 121 6 348-373 120 352-452 0.1-200 
[C2mim][DCA] 122 1 298 84 256-346 0.6-60 
[N1112OH][Lactate] 121 13 293-353 100 312-392 0.1-200 
[C4mim][SCN] 119 5 298-338 60 298-338 0.1-10 
[C2mim][BF4] 
127 8 293-393 88 293-393 0.1-30 
134 4 293-353 180 312-472 0.1-200 
112 9 283-323 108 283-323 0.1-60 
149 0 0 76 284-356 1-61 
[C4mim][OAc] 
120 7 298-353 56 298-353 0.1-25 
153 9 293-373 80 311-371 0.1-200 
[C2mim][Lactate] 121 13 293-353 140 312-432 0.1-200 
[C4mim][DCA] 
122 0 0 58 237-349 0.6-60 
173 81 293-393 160 293-393 0.1-60 
124 8 283-343 96 283-393 0.1-100 
[C1mim][C1SO4] 
117 4 318-333 30 313-333 0.1-25 
118 12 318-428 156 318-428 0.1-60 
[C4m(4)py][SCN] 119 5 298-338 60 298-338 0.1-10 
[C2mim][C1SO4] 93 8 293-393 72 293-393 0.1-35 
[C4py][BF4] 
113 10 298-343 12 298-323 0.1-204 
133 7 293-353 28 293-353 0.1-20 
125 11 283-333 143 283-333 0.1-65 
[C4mim][BF4] 
112 9 283-323 108 283-323 0.1-60 
246 11 278-333 15 298-333 0.1-60 
126 5 298-332 62 298-332 0.1-60 
247 4 293-353 16 293-353 0.1-20 
114 11 293-393 66 293-393 0.1-10 
248 0 0 45 298-398 0.2-40 
137 10 292-415 36 293-415 0.1-40 
254 36 273-363 40 283-348 0.1-300 
249 0 0 45 298-398 0.2-40 
136 9 313-472 180 313-472 0.1-200 
250 0 0 20 313-433 0.2-2 
 
173 
251 2 298-323 12 298-323 0.1-30 
252 6 283-333 54 283-333 0.1-40 
253 1 298 60 239-354 0.1-61 
132 29 283-353 232 283-353 0.1-35 
[C4mim][C(CN)3] 127 8 293-393 88 293-393 0.1-30 
[C2mim][C2SO4] 
173 83 293-433 156 293-433 0.1-60 
93 8 293-393 72 293-393 0.1-35 
137 10 292-415 36 293-415 0.1-40 
132 29 283-353 232 283-353 0.1-35 
174 7 283-333 56 283-333 0.1-35 
128 13 283-343 104 283-343 0.1-35 
140 14 278-398 112 278-398 0.1-120 
255 7 283-363 136 283-413 0.1-140 
256 0 0 5 302.88 5-40 
257 7 278-398 56 278-398 0.1-120 
[C4m(2)py][BF4] 129 9 293-333 111 293-333 0.1-65 
[C4m(3)py][BF4] 
129 11 283-333 143 283-333 0.1-65 
130 0 0 96 283-393 1-100 
[C4m(4)py][BF4] 
129 11 283-333 143 283-333 0.1-65 
131 0 0 96 283-393 1-100 
[C4mim][C1SO4] 
132 29 283-353 232 283-353 0.1-35 
258 11 283-333 88 283-333 0.1-35 
[C6py][BF4] 133 7 293-353 28 293-353 0.1-20 
[C6mim][BF4] 
134 4 293-353 180 313-472 0.1-200 
112 9 283-323 108 283-323 0.1-60 
149 1 298 66 219-357 0.1-61 
259 0 0 84 283-373 0.5-100 
[C2mim][PF6] 134 2 353-373 180 312-472 10-200 
[C2mim][OTf] 
149 0 0 61 264-347 0.1-61 
94 7 293-393 84 293-393 0.1-35 
[C8py][BF4] 133 7 293-353 28 293-353 0.1-20 
[C8mim][BF4] 
112 9 283-323 108 283-323 0.1-60 
113 6 298-343 13 298-323 0.1-207 
114 11 293-393 66 293-393 0.1-10 
223 40 273-363 54 298-348 0.1-224 
260 3 298-348 24 298-348 0.1-196 
[C2mim][Tos] 118 12 318-428 156 318-428 0.1-60 
[C4mim][PF6] 
113 10 298-343 12 298-323 0.1-202 
126 15 298-333 141 298-333 0.1-60 
247 4 293-353 16 293-353 0.1-20 
 
174 
248 0 0 45 298-398 0.7-40 
137 10 293-415 36 293-415 0.1-40 
136 9 312-472 180 312-472 0.1-200 
135 3 294-335 6 294-335 0.1-20 
[C4mim][OTf] 
149 0 0 61 290-350 0.2-60 
114 11 293-393 66 293-393 0.1-10 
[C4C1mim][PF6] 114 18 313-393 54 313-393 0.1-10 
[C6mim][PF6] 
134 4 293-353 180 312-472 0.1-200 
114 11 293-393 66 293-393 0.1-10 
224 4 293-353 20 293-353 0.1-20 
116 39 273-363 32 298-348 0.1-238 
135 3 294-335 6 294-335 0.1-20 
[C8mim][PF6] 
134 4 293-353 180 312-472 0.1-200 
113 10 298-343 12 298-323 0.1-204 
114 21 293-393 66 293-393 0.1-10 
223 27 273-363 28 298-343 0.1-176 
260 3 298-348 22 298-348 0.1-196 
224 4 293-353 16 293-353 0.1-20 
135 3 295-335 6 295-335 0.1-20 
[C4mim][C8SO4] 
136 9 312-472 169 312-472 0.1-200 
261 58 278-428 252 278-428 0.1-60 
262 0 0 45 298-398 0.11-40 
[C2mim][NTf2] 
127 8 293-393 88 293-393 0.1-30 
137 10 293-415 36 293-415 0.1-40 
263 0 0 84 283-373 0.7-1007 
[N1114][NTf2] 31 10 293-415 36 293-415 0.1-40 
[C3mim][NTf2] 138 15 298-333 150 298-333 0.1-60 
[C3mpyrro][NTf2] 94 7 293-393 84 293-393 0.1-35 
[C3m(3)py][NTf2] 94 7 293-393 84 293-393 0.1-35 
[C4mim][NTf2] 
173 85 293-473 224 293-473 0.1-60 
137 10 293-415 36 293-415 0.1-40 
116 45 273-363 36 283-348 0.1-299 
139 3 298-348 27 298-348 0.1-50 
264 7 298-328 154 298-328 0.1-59 
265 16 273-363 77 288-348 0.1-251 
153 9 293-373 120 311-412 0.1-200 
[C4mpyrro][NTf2] 
94 7 293-393 84 293-393 0.1-35 
31 10 293-415 36 293-415 1-40 
266 48 273-363 54 273-348 0.1-103 




94 7 293-393 84 293-393 0.1-35 
267 3 298-348 27 298-348 0.1-50 
[C1OC2mpyrro][NTf2] 140 14 278-398 112 278-398 0.1-120 
[C5mim][NTf2] 138 15 298-333 150 298-333 0.1-60 
[N8881][DCA] 173 82 293-413 176 293-413 0.1-60 
[C6mim][NTf2] 
264 15 298-333 148 298-333 0.1-60 
268 8 298-373 48 298-423 0.1-40 
172 18 293-338 145 293-338 0.1-65 
142 17 293-452 160 312-452 0.1-200 
269 10 273-413 256 273-413 0.1-140 
265 39 273-363 11 288 0.1-175 
[C7mim][NTf2] 127 8 293-393 88 293-393 0.1-30 
[C8mim][NTf2] 
127 8 293-393 88 293-393 0.1-30 
270 6 293-343 54 293-343 0.1-25 
[C10mim][NTf2] 93 8 293-393 72 293-393 0.1-35 
[P66614]Cl 
29 0 0 134 298-333 0.2-65 
143 8 273-318 64 273-318 0.1-25 
145 6 283-333 78 283-333 0.1-45 
[P66614][OAc] 29 0 0 144 298-334 0.2-65 
[P66614][DCA] 
143 19 273-318 154 273-318 0.1-35 
145 6 283-333 78 283-333 0.1-45 
[C2mim][FAP] 144 6 293-343 48 293-343 0.1-25 
[P66614]Br 145 6 283-333 78 283-333 0.1-45 
[P66614][C1SO3] 145 6 283-333 78 283-333 0.1-45 
[C4mim][FAP] 144 6 303-353 57 293-353 0.1-25 
[C4mpyrro][FAP] 
148 7 293-353 56 293-353 0.1-25 
146 7 278-398 56 278-398 0.1-120 
[C1OC2mpyrro][FAP] 147 7 278-398 56 278-398 0.1-120 
[C6mim][FAP] 144 6 293-343 54 293-343 0.1-25 
[P66614][TNf2] 
29 0 0 126 298-333 0.2-65 
145 6 283-333 78 283-333 0.1-45 
[P66614][FAP] 
148 7 293-353 56 293-353 0.2-25 
271 11 293-343 77 293-343 0.1-25 
146 7 278-398 56 278-398 0.1-120 
[C6mim]Cl 142 16 303-451 160 311-451 0.1-200 
[C6mim][OTf] 149 0 0 48 303-352 0.1-61 
[C4C1mim][FAP] 150 14 278-398 112 278-398 0.1-120 
[C4C1mim][NTf2] 150 14 278-398 112 278-398 0.1-120 
[C2OHC1NH2][C2COO] 151 13 298-358 91 298-358 0.1-25 
[C2OHC1NH2][C3COO] 151 7 298-358 35 298-358 0.1-25 
 
176 
[C2OHC1NH2][C4COO] 151 7 298-358 35 298-358 0.1-25 
[C1mim][DMP] 146 7 278-398 56 278-398 0.1-120 
[C2mim][C6SO4] 146 7 278-398 56 278-398 0.1-120 
[C4mpyrro][B(CN)4] 146 6 298-398 69 298-398 0.1-60 
[C4mpyrro][OTf] 146 7 278-398 56 278-398 0.1-120 
[C3py][BF4] 125 11 283-333 143 283-333 0.1-65 
[C4py][OTf] 125 7 303-333 91 303-333 0.1-65 
[C4m(3)py][DCA] 125 9 293-333 117 293-333 0.1-65 
[C8m(3)py][BF4] 125 11 283-333 143 283-333 0.1-65 
[amim]Cl 152 9 293-373 80 313-373 0.1-200 
[C2mim][MP] 153 9 293-373 120 311-411 0.1-200 
[C2mim][DEP] 153 9 293-373 120 311-412 0.1-200 





Table 8.4 Viscosity Data As a Function of 
Temperature Reported in the Literature 
 











































































































 1 298 
297
 
[C2mim][C1SO4] 19 283-373 
191




































































































































































































































































































































































































































































 4 298-373 
357
 
[C4mpyrro][C1SO4] 10 298-343 
217























































































































































































































































































































































































































































































































































































































































































 [C8py][BF4] 15 283-353 
226
 
[P66614][C1SO3] 18 278-363 
209
 [C2mim][C8SO4] 19 283-373 
191
 
[C2mim][Tos] 13 303-363 
182




Table 8.5 UNIFAC and UNIQUAC Correlations For LLE of Binary Mixtures (IL + Solvent) 
 
Systems Tie-lines T (K) Ref. 
𝜹𝒙 (%) 
UNIFAC UNIQUAC 
[C2mmim][C2SO4]+hexene 1 313 
409
 1.18E-05 1.78E-03 
[C2mim][C2SO4]+hexane 1 313 
409
 2.71E-06 0.03 
[C8mim]Cl+1-octanol 11 289-315 
410
 6.59 11.13 
[C2mim][C2SO4]+2,2,4-trimethylpentane 1 298 
411
 0.05 0.01 
[C4m(4)py][BF4]+heptane 2 313-348 
71
 0.04 0.25 
[C4mim][C1SO4]+heptane 2 313-348 
71
 0.04 0.05 
[C4mim][C1SO4]+toluene 2 313-348 
71
 5.00E-03 4.67E-03 
[C1mim][C1SO4]+heptane 2 313-348 
71
 0.06 0.22 
[C1mim][C1SO4]+toluene 2 313-348 
71
 0.02 0.02 
[C8mim][NTf2]+hexane 1 298 
412
 0.01 0.01 
[C8mim][NTf2]+heptane 1 298 
412
 0.01 0.02 
[C8mim][NTf2]+thiophene 2 298 
412,413
 0.36 0.53 
[C8mim][NTf2]+n-hexadecane 1 298 
412
 0.01 1.74E-04 
[C2mim][C2SO4]+n-hexadecane 1 298 
414
 0.07 0.05 
[C2mim][C2SO4]+n-dodecane 1 298 
414
 0.07 0.05 
[C2mim][C2SO4]+hexane 1 298 
414
 0.01 4.73E-03 
[C2mim][C2SO4]+thiophene 2 298 
411,414
 0.05 3.58E-03 
[C2mim][C2SO4]+heptane 8 293-348 
71,414,415
 0.16 0.18 
[C2mim][C2SO4]+toluene 7 293-348 
71,411,415
 1.90 2.20 
 
183 
[C2mim][C2SO4]+methylcyclohexane 5 293-333 
415
 0.33 0.30 
[C2mim][NTf2]+octane 1 298 
416
 0.01 0.04 
[C8mim][BF4]+water 18 278-340 
66,232,234
 2.36 4.58 
[C6mim][BF4]+water 15 278-333 
66,234
 1.32 3.44 
[C2mim][NTf2]+heptane 2 298 
417,418
 0.07 0.05 
[C2mim][C2SO4]+di-isopropyl ether 6 293-313 
419
 0.18 0.24 
[C4mim][BF4]+di-isopropyl ether 5 293-313 
419
 0.21 0.28 
[C4m(3)py][B(CN)4]+ethylbenzene 3 313-353 
420
 0.07 0.08 
[C4m(3)py][B(CN)4]+styrene 3 313-353 
420
 4.22E-03 0.39 
[C3mim][NTf2]+hexane 1 298 
421
 0.01 0.04 
[C6mim][DCA]+hexane 1 298 
421
 0.01 3.91E-03 
[C6mim][NTf2]+hexane 1 298 
421
 0.01 4.55E-03 
[C6mim][OTf]+hexane 1 298 
421
 0.01 0.01 
[C2mim][Oac]+thiophene 1 298 
422
 0.05 4.36E-03 
[C2mim][DEP]+toluene 1 298 
422
 0.04 3.55E-03 
[C2mim][DEP]+hexane 2 298 
422
 0.07 0.07 
[C2mim][DEP]+thiophene 2 298 
422
 0.64 0.64 
[C2mim][Oac]+hexane 1 298 
422
 0.01 0.28 
[C3mim][NTf2]+cyclohexane 1 298 
423
 0.05 0.04 
[C3mim][NTf2]+toluene 1 298 
423
 4.99E-03 0.04 
[C3mim][NTf2]+cyclooctane 1 298 
423
 0.05 0.04 
[C4mim][NTf2]+cyclohexane 1 298 
423
 0.05 0.01 
[C4mim][NTf2]+ethylbenzene 1 293 
423
 0.04 3.85E-03 
[C4mim][NTf2]+toluene 2 298-313 
418,423
 0.04 0.12 
 
184 
[C3mim][NTf2]+benzene 2 298 
423,424
 0.04 0.04 
[C8mim][NTf2]+n-dodecane 1 298 
413
 0.01 0.02 
[C8mim][NTf2]+cyclohexane 1 298 
413
 0.21 2.85E-04 
[C8mim][BF4]+thiophene 1 298 
425
 0.05 0.04 
[C8mim][BF4]+heptane 1 298 
425
 4.42E-03 0.05 
[C8mim][BF4]+n-hexadecane 1 298 
425
 0.01 0.05 
[C8mim][BF4]+n-dodecane 1 298 
425
 0.01 0.04 
[C4m(3)py][DCA]+hexane 4 303-328 
426
 0.12 0.12 
[C4m(3)py][DCA]+benzene 2 303-328 
426
 0.03 0.10 
[C4m(3)py][DCA]+p-xylene 2 303-328 
426
 0.04 0.07 
[C4m(3)py][DCA]+n-nonane 2 303-328 
426
 0.07 0.07 
[C4m(3)py][DCA]+cumene 2 303-328 
426
 0.03 1.11 
[C4C1mim][BF4]+1-pentanol 15 303-352 
427
 3.09 9.49 
[C4C1mim][BF4]+1-hexanol 14 326-376 
427
 3.79 9.73 
[C4C1mim][BF4]+1-butanol 13 310-337 
427
 3.38 7.83 
[C4C1mim][BF4]+1-propanol 12 292-323 
427
 0.40 8.05 
[C4C1mim][BF4]+2-propanol 12 298-326 
427
 0.43 6.66 
[C4m(3)py] [B(CN)4]+benzene 2 303-328 
428
 0.11 0.21 
[C4m(3)py] [B(CN)4]+hexane 2 303-328 
428
 0.07 0.10 
[C4m(3)py] [B(CN)4]+heptane 1 303 
428
 0.08 2.82E-05 
[C4m(3)py] [B(CN)4]+n-octane 2 303-328 
428
 0.06 0.13 
[C4m(3)py] [B(CN)4]+p-xylene 1 328 
428
 5.59E-05 2.02E-04 
[C2mim][SCN]+ethylbenzene 3 313-353 
429
 0.05 0.01 
[C2mim][SCN]+styrene 3 313-353 
429
 0.04 0.03 
 
185 
[C4mim][OTf]+heptane 1 298 
430
 0.04 0.01 
[C4mim][OTf]+toluene 1 313 
430
 4.98E-03 3.58E-03 
[C4mim][OTf]+cyclohexane 1 298 
430
 0.05 3.56E-03 
[C6mim][NTf2]+cyclohexane 1 298 
430
 0.05 3.03E-03 
[C6mim][OTf]+heptane 1 298 
430
 0.01 4.27E-03 
[C6mim][OTf]+toluene 1 313 
430
 4.96E-03 3.55E-03 
[C6mim][OTf]+cyclohexane 1 298 
430
 0.05 5.36E-03 
[C6mim][NTf2]+heptane 2 298-313 
418,430
 0.02 4.60E-03 
[C6mim][NTf2]+toluene 2 298-313 
418,430
 3.53E-03 3.96E-03 
[C6mim][B(CN)4]+water 1 308 
431
 0.04 0.02 
[C10mim][B(CN)4]+water 1 308 
431
 0.05 0.01 
[P66614][B(CN)4]+water 1 308 
431
 0.21 0.21 
[C2mim][NTf2]+ethanol 1 298 
432
 0.05 0.05 
[C3mim][NTf2]+ethanol 1 298 
432
 0.05 0.04 
[C4mim][NTf2]+ethanol 1 298 
432
 0.05 4.99E-03 
[C2mim][NTf2]+hexane 1 298 
433
 3.61E-03 0.04 
[C2mim][NTf2]+thiophene 2 298 
417,433
 0.39 0.39 
[C4mpyrro][B(CN)4]+heptane 1 298 
434
 3.54E-03 3.58E-03 
[C4mpyrro][B(CN)4]+thiophene 1 298 
434
 0.04 0.05 
[C4mpyrro][FAP]+heptane 1 298 
434
 3.95E-03 4.49E-03 
[C4mpyrro][FAP]+thiophene 1 298 
434
 0.05 3.86E-03 
[C4mim][NTf2]+water 3 293-323 
10,234
 1.09 1.38 
[C6mim][NTf2]+water 3 296-323 
14,234
 1.63 1.77 
[C8mim][NTf2]+water 3 296-323 
14,234
 1.27 1.27 
 
186 
[C6mim][OTf]+water 2 298-323 
234
 0.01 0.07 
[C6mim][PF6]+water 2 298-323 
234
 0.04 0.42 
[C8mim][OTf]+water 2 298-323 
234
 3.45E-03 0.05 
[Pi(444)1][Tos]+toluene 20 320-361 
435
 0.29 1.62 
[Pi(444)1][Tos]+n-propylbenzene 13 304-362 
435
 0.95 0.90 
[Pi(444)1][Tos]+ethylbenzene 12 309-361 
435
 1.42 1.45 
[Pi(444)1][Tos]+heptane 11 315-353 
435
 3.34 4.69 
[Pi(444)1][Tos]+n-octane 10 317-360 
435
 0.79 4.89 
[Pi(444)1][Tos]+n-nonane 9 320-361 
435
 0.99 4.82 
[Pi(444)1][Tos]+n-butylbenzene 8 303-364 
435
 0.89 0.87 
[Pi(444)1][Tos]+hexane 7 308-338 
435
 3.38 3.73 
[Pi(444)1][Tos]+n-decane 7 330-363 
435
 4.33 4.34 
[C4mim][PF6]+water 10 298-323 
10,231–234
 1.14 2.02 
[C2mim][PF6]+water 5 318-323 
231
 0.11 0.48 
[C2mim][OAc]+heptane 1 298 
436
 0.01 3.54E-03 
[C2mim][OAc]+cyclohexane 1 298 
436
 0.04 4.49E-03 
[C2mim][OAc]+toluene 2 298 
422,436
 0.22 0.89 
[C4mim][PF6]+ethanol 12 288-328 
437
 0.73 7.27 
[C4mim][PF6]+1-propanol 6 333-352 
437
 0.40 2.38 
[C4mim][PF6]+1-butanol 7 288-361 
437,438
 0.17 4.98 
[C4mim][PF6]+2-propanol 14 278-343 
439
 0.32 4.83 
[C6mim][PF6]+2-propanol 11 278-328 
439
 0.85 5.58 
[C6mim]Cl+butylacetate 6 356-380 
440
 0.19 0.19 
[C1mim][NTf2]+heptane 1 313 
418
 3.67E-03 0.04 
 
187 
[C1mim][NTf2]+toluene 1 313 
418
 0.04 0.04 
[C10mim][NTf2]+limonene 1 298 
441
 0.04 0.04 
[C2mim][NTf2]+limonene 1 298 
441
 0.05 0.05 
[C2mim][NTf2]+linalool 1 298 
441
 0.04 0.04 
[C6mim][NTf2]+limonene 1 298 
441
 0.05 0.05 
[C10mim][NTf2]+linalool 1 298 
441
 9.22 3.11E-05 
[C6mim][NTf2]+linalool 1 298 
441
 4.12E-08 7.33E-04 
[C3mim][NTf2]+methylcyclohexane 1 298 
424
 0.04 0.04 
[C4mim][NTf2]+benzene 1 298 
424
 0.04 0.01 
[C4mim][NTf2]+octane 1 298 
424
 0.05 4.56E-03 
[C4mim][NTf2]+cyclooctane 1 298 
424
 0.05 4.97E-03 
[C4mim][NTf2]+methylcyclohexane 1 298 
424
 0.04 3.56E-03 
[C4mim][NTf2]+heptane 2 298-313 
418,424
 0.05 0.26 
[C4m(3)py][NTf2]+water 8 296-318 
14,442
 0.11 0.99 
[C6py][NTf2]+water 8 296-318 
14,442
 0.30 1.11 
[C2mim][B(CN)4]+water 1 296 
14
 5.71E-04 9.67E-04 
[C2mim][B(CN)4]+1-octanol 1 296 
14
 1.28E-05 3.91E-05 
[C4m(3)py][NTf2]+1-octanol 1 296 
14
 2.77E-05 5.22E-04 
[C6C1mim][NTf2]+water 1 298 
14
 3.81E-05 2.87E-03 
[C6m(3)py][NTf2]+water 1 298 
14
 3.36E-03 4.73E-03 
[C6m(3)py][NTf2]+1-octanol 1 296 
14
 5.57E-04 1.69E-05 
[C6py][NTf2]+1-octanol 1 296 
14
 9.76E-05 1.02E-03 
[C8m(3)py][NTf2]+water 1 296 
14
 2.54E-04 3.91E-03 
[C8m(3)py][NTf2]+1-octanol 1 296 
14
 5.69E-05 1.09E-03 
 
188 
[C2OHmim][NTf2]+water 1 296 
14
 0.01 0.04 
[C2mim][OTf]+chloroform 6 293-333 
443,444
 0.06 0.14 
[C2mim][NTf2]+fluorobenzene 6 282-373 
445
 0.03 0.46 
[C2mim][NTf2]+1,3-difluorobenzene 6 283-373 
445
 0.05 0.31 
[C2mim][NTf2]+1,4-difluorobenzene 6 283-373 
445
 0.08 0.26 
[C2mim][NTf2]+1,3,5-trifluorobenzene 6 283-373 
445
 0.20 0.21 
[C2mim][NTf2]+1,2,3,5-tetrafluorobenzene 6 283-373 
445
 0.07 0.27 
[C2mim][NTf2]+1,2,4,5-tetrafluorobenzene 6 283-373 
445
 0.06 0.28 
[C2mim][NTf2]+pentafluorobenzene 6 283-373 
445
 0.17 0.31 
[C2mim][NTf2]+1,2,4-trifluorobenzene 3 362-372 
445
 0.07 0.25 
[C2mim][NTf2]+toluene 7 297-372 
418,433,446
 0.49 0.61 
[C2mim][NTf2]+ethylbenzene 5 293-373 
446
 0.11 0.12 
[C2mim][NTf2]+propylbenzene 5 293-373 
446
 0.07 0.11 
[C2mim][NTf2]+o-xylene 6 297-372 
416,446
 0.68 0.81 
[C2mim][NTf2]+m-xylene 6 297-372 
416,446
 0.47 0.59 
[C2mim][NTf2]+p-xylene 6 297-372 
416,446
 0.45 0.52 
[C2mim][NTf2]+1,2,3-trimethylbenzene 5 292-373 
446
 0.17 0.17 
[C2mim][NTf2]+1,2,4-trimethylbenzene 5 293-373 
446
 0.14 0.12 
[C2mim][NTf2]+1,3,5-trimethylbenzene 5 292-373 
446
 0.13 0.16 
[C6mim][NTf2]+1-octene 4 283-348 
447
 0.85 1.08 
[C4m(4)py][BF4]+toluene 5 298-348 
71,448
 1.72 1.72 
[C4m(2)py][BF4]+toluene 3 298-338 
448
 0.09 0.12 
[C4py][BF4]+toluene 3 298-338 
448
 0.07 0.10 
[C6py][BF4]+toluene 3 298-338 
448
 0.01 0.05 
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[C8mim][PF6]+water 3 295-323 
232,234
 1.35 1.39 
[C2mmim][NTf2]+water 1 298 
10
 0.04 0.04 
[C2mim][NTf2]+water 1 298 
10
 5.25 3.86 
[C3mmim][NTf2]+water 1 298 
10
 0.01 0.02 
[C4m(4)py][NTf2]+water 7 288-318 
442
 0.35 1.29 
[C4py][NTf2]+water 7 288-318 
442
 0.10 1.42 
[C8py][NTf2]+water 7 288-318 
442
 0.12 1.14 
[C6m(3)m(5)py][NTf2]+hexane 2 298 
449
 0.29 0.21 
[C6m(3)m(5)py][NTf2]+thiophene 1 298 
449
 3.76E-03 0.04 
[C6m(3)m(5)py][NTf2]+dodecane 1 298 
449
 0.05 0.04 
[C6m(3)m(5)py][NTf2]+hexadecane 1 298 
449
 0.05 0.04 
[C2mim][Meesu]+limonene 3 298-318 
450
 0.07 0.08 
[C4m(3)py][C(CN)3]+benzene 2 303-328 
44
 0.05 0.05 
[C4m(3)py][C(CN)3]+hexane 2 303-328 
44
 0.08 0.08 
[C4m(3)py][C(CN)3]+heptane 2 303-328 
44
 0.11 0.11 
[C4m(3)py][C(CN)3]+toluene 2 303-328 
44
 0.03 0.03 
[C4m(3)py][C(CN)3]+n-octane 2 303-328 
44
 3.42E-05 1.33E-04 
[C4m(3)py][C(CN)3]+p-xylene 2 303-328 
44
 0.06 0.06 
[C6m(2)m(4)py][NTf2]+thiophene 1 298 
451
 0.01 1.07E-03 
[C6m(2)m(4)py][NTf2]+hexane 1 298 
451
 0.005 0.02 
[C6m(2)m(4)py][NTf2]+toluene 1 298 
451
 3.92E-03 0.04 
[COC2mmor][NTf2]+thiophene 1 298 
452
 0.04 0.04 
[COC2mmor][NTf2]+heptane 1 298 
452
 0.05 0.05 
[COC2mpip][NTf2]+thiophene 1 298 
452
 0.04 0.04 
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[COC2mpip][NTf2]+heptane 1 298 
452
 0.05 0.04 
[COC2mpyrro][NTf2]+thiophene 1 298 
452
 0.04 0.04 
[COC2mpyrro][NTf2]+heptane 1 298 
452
 0.05 0.04 
[C6m(3)m(5)py][NTf2]+toluene 1 298 
453
 3.54E-03 0.04 
[C6m(3)m(5)py][NTf2]+heptane 1 298 
453
 0.05 0.04 
[COC2mmor][FAP]+thiophene 1 298 
454
 0.04 0.04 




 0.64 0.64 
[COC2mpip][FAP]+thiophene 1 298 
454
 0.04 0.04 
[COC2mpip][FAP]+heptane 1 298 
454
 0.05 0.04 
[COC2mpyrro][FAP]+thiophene 1 298 
454
 0.04 0.04 
[COC2mpyrro][FAP]+heptane 1 298 
454
 0.05 0.03 
[C3m(1)py][NTf2]+heptane 1 298 
456
 5.00E-03 4.99E-03 
[C3m(1)py][NTf2]+hexane 1 298 
456
 5.00E-03 4.99E-03 
[C2m(3)py][NTf2]+heptane 1 298 
456
 5.00E-03 5.00E-03 
[C2m(3)py][NTf2]+hexane 1 298 
456
 5.00E-03 5.00E-03 
[C4mpyrro][C(CN)3]+heptane 1 298 
434
 3.64E-03 4.52E-03 
[C4mpyrro][C(CN)3]+thiophene 1 298 
434
 0.04 4.74E-03 
[C4mim][Tf3C]+water 1 296 
14
 3.53E-03 2.55E-03 
[C6m(3)m(5)py][NTf2]+water 1 296 
14
 3.32E-06 4.85E-03 
[C6m(3)m(5)py][NTf2]+1-octanol 1 296 
14
 2.53E-04 1.46E-04 
[C6C2mmpy][NTf2]+water 1 296 
14
 1.88E-03 4.08E-03 
[C6C2mmpy][NTf2]+1-octanol 1 296 
14
 1.78E-04 3.28E-04 
[choline][NTf2]+1-octanol 1 296 
14
 3.54E-05 1.36E-05 
[C6DMApy][NTf2]+water 1 296 
14
 2.62E-03 2.09E-03 
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[C6DMApy][NTf2]+1-octanol 1 296 
14
 1.79E-04 1.25E-03 
[C6DMAmpy][NTf2]+water 1 296 
14
 1.59E-03 1.27E-03 
[C6DMAmpy][NTf2]+1-octanol 1 296 
14
 7.77E-05 4.35E-05 
[C4mim][I3]+toluene 1 308 
457
 8.18E-09 3.54E-03 
[C2mim][I3]+toluene 1 318 
457
 1.06E-03 5.27E-03 
[C3m(3)py][NTf2]+water 7 288-318 
442
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